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Do you remember the first day you went to school on your own? And your mother asking you 
whether you remembered the route, just before you were to leave? You, as a child, probably 
did not tell her the names of the streets you would take. More likely, you said something like: 
‘I’ll go towards the supermarket, go left at the traffic light, and right at the church’. You used 
buildings and objects, like the church and the traffic light to find your way and to describe 
where you were going. These stable objects in the environment that are used for navigation 
are referred to as landmarks. They are used during navigation by adults as well as children 
and can be used in multiple ways. But when do children learn to use these landmarks for 
navigation? What are the precursors for using landmarks? And what other ways do children 
use to navigate? These areas of spatial development are currently understudied. This thesis 
aims to give insight into those aspects by covering both an important precursor of landmark 
use, i.e. fast localisation and identification of objects, as well as the development of navigation 
skills.
The first aim of this thesis is to examine the timing of processing objects in environments 
in both adults and children. Event-related potentials (ERPs) are well suited for this goal, 
because they give an insight into the exact timing of the neural processes underlying object 
localisation and identification. The second aim of this thesis is to fill some of the gaps in 
the current knowledge on the development of navigation strategies in children. Especially 
higher level use of landmark information, for example the ability to create a mental map of the 
environment, has received relatively little attention. In this thesis I examine different kinds of 
landmark use in children between 2.5 and 10 years of age by using virtual environments and 
real life mazes.
The introduction is set up as follows. First, I will explain the different terms that are 
present in the literature on navigation skills and landmark use and explain how they will be 
used throughout this thesis. Then, I will briefly discuss navigation skills and landmark use in 
adults, followed by an overview of the current literature on the development of landmark use 
and its precursors. I will start with discussing theories on learning and development, then 
move on to the precursors of landmark use and then the development of navigation skills. 
After that, I will discuss the methods used in this thesis and give an outline of the remaining 
chapters. 
1.1 NAVIGATION SKILLS AND LANDMARK USE: TERMINOLOGY
The term navigation stems from maritime shipping where it was used to describe the planning 
of a ship’s route. More generally, the term is nowadays used to describe ‘the process [living 
organisms use in] determining and maintaining a course or trajectory from one place to 
another’ (Gallistel, 1990, p. 35). Many terms to describe different forms of navigation in both 
animals and humans are present in the literature.
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In 1946, seminal work by Tolman et al. described navigational behaviour in rats (Tolman, 
Ritchie, & Kalish, 1946). They examined whether rats in a T-maze find their way to a food 
source based on the turns they take or based on visual cues outside the maze, related to the 
location of the food source. He named a group of rats that was trained to take specific turns 
the ‘response-learning’ group and another group trained to use the extra-maze cues the 
‘place-learning’ group. Whereas the place learning group learned to find the food source, the 
response learning group did not. The distinction between place learning and response learning 
has become a major distinction in navigation research in both animals and humans. However, 
multiple expressions are present in the navigation literature, leading to non-coherent and 
overlapping terminology. Here, I’ll give some insight into this terminology (see Figure 1.1).
(sequential) egocentric processing
≈
response learning
≈
viewpoint-dependent processing
allocentric processing
≈
place learning
≈
viewpoint-independent processing
path integration
≈
dead reckoning
≈
updating based on 
self-motion
view-dependent place 
recognition
≈
purely egocentric 
processing
reorientation
(based on geometry and landmarks)
beacons orientation cues / associative cues allocentric cues
main division
more ne 
grained 
divisions
landmark use
route knowledge survey knowledgelandmark knowledge
Figure 1.1 Relations between different terms in navigation research. Different lines represent the 
divisions made by different researchers. Blocks that align vertically represent overlapping terms. See 
text for more details.
Response learning refers to memorizing which specific responses (i.e. turning left or right) 
lead to the goal location and is based on an egocentric frame of reference. In an egocentric 
frame of reference objects are represented in relation to one’s own body. Place learning on 
the other hand is based on an allocentric reference frame and involves learning the relation 
between cues in the environment (landmarks) and the goal location. An allocentric frame 
of reference represents objects in space in relation to landmarks and/or the geometry of the 
environment. Whereas egocentric frames of reference are useful when one is already oriented, 
an allocentric frame of reference is necessary to re-establish one’s position in relation to the 
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goal location after disorientation. Next to egocentric and allocentric, other terms present 
in the human literature are viewpoint-dependent and viewpoint-independent processing 
(Nardini, Thomas, Knowland, Braddick, & Atkinson, 2009). Nadel and Hardt (2004) propose 
that the term viewpoint-dependent processing largely maps onto egocentric processing 
whereas viewpoint-independent processing largely matches allocentric processing. 
Wang and Spelke (2006) suggest that navigation depends on three processes: path 
integration, view-dependent place recognition, and geometry-based reorientation. Path 
integration is described as ‘a process by which the relation of the animal to one or more 
significant places in the environment is updated continuously as the animal moves’ (Wang 
& Spelke, 2002, p. 376), and is also known as dead reckoning and deduced reckoning 
(Gallistel, 1990; Whishaw, Hines, & Wallace, 2001)2001. View-dependent place recognition 
involves the use of snapshot view-matching (which may also include depth information), 
whereas reorientation is described as the use of the shape of the environment to restore the 
spatial relationship between an individual and its environment. Similarly, Nardini, Burgess, 
Breckenridge, and Atkinson (2006) use the terms purely egocentric processing for view-
dependent place recognition, spatial updating based on self-motion for path integration, and 
viewpoint-independent processing for geometry-based reorientation. The difference between 
Wang and Spelke’s geometry-based reorientation and Nardini et al.’s viewpoint-independent 
processing is that the latter one does not necessarily depend solely on geometry, but includes 
landmarks as well. View-dependent place recognition and path integration are often used 
complementarily such that one remembers how to turn when a place is recognized from a 
specific viewpoint or such that place recognition controls for small errors due to imprecise 
path integration. This combination is termed sequential egocentric processing (Bullens, Igloi, 
Berthoz, Postma, & Rondi-Reig, 2010). One other distinction used in large scale navigation 
is the distinction between landmark knowledge, route knowledge, and survey knowledge 
(Siegel & White, 1975). Landmark knowledge is knowledge about objects and their locations. 
Route knowledge is defined as the knowledge of a sequence of landmarks and the decisions 
(e.g., turns) associated to these landmarks. Survey knowledge is comparable to allocentric 
processing and encompasses a map-like representation of the environment based on 
landmarks and geometry. In Figure 1.1, I tried to give insight into the different terminologies 
and their overlap. While most researchers would generally agree with the overview presented 
in this figure, it is difficult to define the exact boundaries between the different terms and 
opinions on where the exact boundaries are may differ.
Both egocentric viewpoint matching and allocentric processing can include landmarks. 
In egocentric processing, landmarks are used for viewpoint matching, for example by 
remembering that one needs to turn left at the bookstore. Another way to use a landmark in 
egocentric processing is as a beacon. A beacon is a landmark that is on or adjacent to the goal 
location.
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Therefore, a beacon directly marks the goal location and no spatial relation between the 
landmark and goal location needs to be established. For allocentric processing, landmarks 
can be coded in relation to each other to establish a representation of the environment. 
Chan, Baumann, Bellgrove, and Mattingley (2012) proposed a taxonomy of landmark use 
including four different functions a landmark can serve. First of all, a landmark can act as a 
beacon when it directly marks the goal location. Secondly, it can be used as an orientation cue 
providing information on one’s heading direction. Thirdly, it can function as an associative 
cue when the view of the landmark is related with a specific turn that needs to be made. Lastly, 
landmarks can be used to create an allocentric representation of the environment. In this 
thesis, I will describe the development of path integration and different kinds of landmark 
use for navigational purposes. Next to path integration, I will also use the term egocentric 
processing to indicate the combined use of path integration and viewpoint matching. 
1.2 NAVIGATION AND LANDMARK USE IN ADULTS
Nowadays, most researchers believe that egocentric and allocentric frames of reference 
are used in parallel (Burgess, 2006; Igloi, Zaoui, Berthoz, & Rondi-Reig, 2009; Waller & 
Hodgson, 2006; Xiao, Mou, & McNamara, 2009). However, differences in preferred strategies 
and proficiency are found between (groups of) individuals (e.g.Bohbot, Iaria, & Petrides, 
2004). For example, gender differences are found in allocentric navigation tasks with men 
outperforming women (Astur, Tropp, Sava, Constable, & Markus, 2004; Chai & Jacobs, 2009). 
Moreover, men are found to rely more on distal cues that inform about heading direction and 
geometry, while women are found to rely more on proximal cues that inform about the current 
location (Chai & Jacobs, 2010; Chamizo, Artigas, Sansa, & Banterla, 2011; Lawton, 1994; 
Lawton & Kallai, 2002; Sandstrom, Kaufman, & Huettel, 1998). Next to gender differences, 
there are large individual differences in navigational abilities. For example, bad navigators less 
often rely on allocentric processing as compared to good navigators (Kato & Takeuchi, 2003). 
Different brain regions have been shown to be involved in egocentric versus allocentric 
processing of the environment (see Figure 1.2). A number of brain imaging studies have 
shown that allocentric processing depends on the hippocampus, whereas egocentric 
processing including both path integration and associative landmark use involves the caudate 
nucleus and the parahippocampal gyrus (Doeller, King, & Burgess, 2008; Hartley, Maguire, 
Spiers, & Burgess, 2003; Iaria, Petrides, Dagher, Pike, & Bohbot, 2003; Weniger et al., 2010). 
On a more fine-grained level, different types of landmark use are related to different brain 
regions. In a review paper, Chan et al. (2012) suggest that the striatum (including the caudate 
nucleus) is involved in beacon use, the retrosplenial cortex, anterodorsal thalamic nucleus, 
and subiculum are engaged with the use of landmarks as orientation cues, the striatum and 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
General introduction
13
1
parahippocampal gyrus are implicated in the use of landmarks as associative cues, and the 
hippocampus is invoked by allocentric use of landmarks and geometry. The maturation of 
these different structures in the brain is heterogeneous (Giedd et al., 1999; Gogtay et al., 2004) 
and may underlie differences in the developmental trajectories of egocentric versus allocentric 
processing, and the different types of landmark use. 
  ventral visual 
       dorsal visual stream
 {
parietal cortex
parahippocampal gyrus
hippocampus
retrosplenial cortexcaudate nucleus
putamen
striatum
anterodorsal thalamic nucleus
subiculum
Figure 1.2 Brain regions involved in navigation and object processing. For more information see text. 
Figure adapted with permission from Wegman (2013).
1.3 THE DEVELOPMENT OF NAVIGATION SKILLS
A number of abilities are required to develop navigation skills. For the use of landmarks for 
example, it is crucial to quickly locate and identify an object. Once a child is able to locate 
and identify objects, it can start learning to use landmarks for navigation. This development 
is known to be protracted throughout childhood. 
A considerable amount of research has been published on the development of landmark 
use and navigation skills. These studies are partly based on general theories on cognitive 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 1
14
development, as well as on more specific theories about the development of navigation 
skills. In this section, I will first discuss different theories that have emerged on cognitive 
development in general and specific to navigation skills. After that, I will discuss the 
precursors of navigation skills and landmark use, and end with a section on the development 
of landmark use and path integration.
1.3.1 Theories on development and skill learning
A number of theories on cognitive development became prominent in the first half of the 
20th century. One of these theories was constructivism. The theory poses that knowledge is 
constructed through experience and new knowledge is integrated with existing knowledge. 
A prominent constructivist in the area of developmental psychology was Jean Piaget (1896-
1980). Piaget thought of development as a stage-wise process. He described four stages of 
learning defined by qualitatively different types of thinking; the sensori-motor stage, the 
preoperational stage, the concrete operational stage, and the formal operational stage. In 
this theory, children acquired skills and knowledge through experience at a relatively late 
age. Piaget’s thinking was in contrast with another prominent theory that became popular 
around the same time, called nativism. Nativism postulated that there are cognitive modules 
hardwired in the brain, which only need to be triggered by the environment to come available. 
One of the advocates of nativism was Chomsky who applied this theory to the development of 
language. He claimed that infants learn language at such a fast rate with such little experience 
that there must be an innate module supporting this learning (Chomsky, 1980). However, the 
theory was not limited to the language domain. In the spatial domain, Hermer and Spelke 
(1994, 1996) proposed that reorientation based on geometry is a core cognitive ability, since it 
is present from a very young age. Furthermore, they presented evidence that it is not combined 
with landmark use until the ages of 5 to 7 years, when language starts combining information 
from separate modules (Hermer-Vazquez, Moffet, & Munkholm, 2001). A problem with both 
theories is that early development does not necessarily support nativism and late development 
does not necessarily support constructivism (Newcombe, 2002). 
It is now well agreed upon that both theories are too extreme (e.g. Newcombe & 
Huttenlocher, 2000). In 2011, Newcombe published an article on neoconstructivism. 
Neoconstructivism has become a new umbrella term for theories that acknowledge both the 
influence of biologically prepared minds and the importance of experience and interaction 
with the environment. One of these theories applied to the domain of navigation is the adaptive 
combination theory by Newcombe and Huttenlocher (2000, 2006). It posits that different 
sources of information are combined in a weighted fashion, which changes with experience. 
The neoconstructivist theories are supported by data on the importance of brain development 
as well as environmental influence. In terms of brain maturation, an important structure 
supporting navigation is the medial temporal lobe, more specifically the hippocampus. This 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
General introduction
15
1
structure has been shown to have protracted and heterogeneous development until at least 12 
years of age (Abraham et al., 2010; Abraham et al., 2012; Giedd et al., 1999; Gogtay et al., 2004; 
Gogtay et al., 2006; Lenroot & Giedd, 2006; Paus, 2005) which may imply that navigation skills 
still develop up to that age. One important finding on the environmental factors influencing 
navigation skills is that spatial cognition varies with culture (Haun, Rapold, Call, Janzen, & 
Levinson, 2006). Following the adaptive combination theory that both brain maturation and 
the environment play a role in the development of navigation skills, I turn to discussing the 
precursors of navigation skills and landmark use.
1.3.2 Precursors of navigation skills and landmark use
Infants need several abilities in order to be able to navigate and use landmarks. One of the 
abilities necessary for navigation is locomotion. Children start to crawl around 6 to 9 month 
of age. From that moment on, they can practice navigating through an environment, although 
limited to the nearby surroundings. The space in which they move expands quickly as soon 
as children are able to walk, typically starting between 12 and 18 months of age. However, 
rudimentary forms of reorienting within an environment seem to be possible based on 
passively being moved, even before the onset of crawling (Acredolo, 1978, 1979; Acredolo & 
Evans, 1980). 
Another precursor which is specifically important for landmark use is the ability to 
remember an object at a specific location. This encompasses building a representation of 
the location, identifying the object, binding the object to the location, and memorizing this 
object-location pair. With respect to building representations of locations and object identities, 
research has shown that infants can code location at the age of 5 months by showing longer 
viewing times when an object is retrieved from an unexpected location as compared to an 
expected location (Newcombe, Huttenlocher, & Learmonth, 1999). However, they do not look 
longer when an unexpected object is retrieved from an expected location indicating that they 
may lack the ability to identify an object by its features. This object individuation by location 
before identity has been found in more studies with location coding developing between 5 
and 10 months and object identification starting between 7.5 and 12 months of age (Kibbe 
& Leslie, 2011; Van de Walle, Carey, & Prevor, 2000; Wilcox & Schweinle, 2002; Xu & Carey, 
1996). Experience with a specific object does not seem to help identification in 10-month-
olds (Krøjgaard, 2000), but does seem to help 12-month-olds (Kingo & Krøjgaard, 2011). This 
suggests that brain maturation may be necessary for this ability to develop while experience 
is only helpful from this age onwards, which fits with the neoconstructivistic theories. In 
different paradigms in which the tracking of objects is made easier, 4.5 month olds are already 
able to identify objects based on their features (Wilcox & Baillargeon, 1998a, 1998b). However, 
succeeding in those tasks does not suffice for landmark use, since no memory component is 
involved and the number of objects is often limited to one. 
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Leslie and colleagues proposed a theory to account for the data on the development of 
object processing (Leslie, Xu, Tremoulet, & Scholl, 1998). They proposed that, at first, an 
object is indexed by its spatial location. This means that an index is allocated to each location 
of an object, resulting in a representation of the number of objects and their locations. Featural 
information can be, but is not necessarily added to this index. The index itself does suffice for 
object individuation (i.e. representing the number and location of objects), while the featural 
information is needed for object identification. Traditionally, featural information is thought to 
be processed in the ventral ‘what’ stream while location information is processed in the dorsal 
‘where’ stream (see Figure 1.2; Ungerleider & Mishkin, 1982). Leslie et al. hypothesized that 
these streams become increasingly integrated during development, enabling the detection of 
a change in identity of an object and of two objects switching location. Evidence for the dorsal 
‘where’ stream being involved in spatio-temporal processing and the ventral ‘what’ stream 
being involved in featural processing has been found already in 5- to 7-month-olds (Wilcox, 
Haslup, & Boas, 2010). However, little research has investigated the binding of spatio-temporal 
information with featural information in infants, while binding has been shown to be more 
difficult identifying and locating objects in adults (Pertzov, Dong, Peich, & Husain, 2012). 
Moreover, all the studies mentioned above are performed in very simple environments. Since 
the world is cluttered with objects, these studies may overestimate infants’ real life capabilities. 
Recently, Bornstein, Mash, & Arterberry (2011) showed that infants process objects presented 
in an environment differently from objects presented in isolation. Therefore, in Chapters 2 
and 3 of this thesis, we examine the processing of object identity (featural information), object 
location (spatio-temporal information), and binding of object to location for objects presented 
in an environment. The ability to bind object identity to object location in an environment 
is necessary for using objects as landmarks during navigation. The next section describes the 
current literature on the development of landmark use and path integration.
1.3.3 The development of landmark use and path integration
A large and growing body of research has examined the development of landmark use and 
path integration. Broadly speaking, this research can be divided into three areas with regard 
to age of the children and paradigms used. First of all, there are studies that focus on infants 
until the age of 1.5 years mainly using passive paradigms to study landmark use and path 
integration. These studies have shown that path integration already starts to develop in the 
second half year of life (Acredolo & Evans, 1980; Landau & Spelke, 1988; Schmuckler & Jewell, 
2007; Schmuckler & Tsang-Tong, 2000). With sufficient experience, path integration can even 
be shown in 4.5-month-olds (Kaufman & Needham, 2011), but abilities are still limited at 12 
months of age (Acredolo & Evans, 1980; Landau & Spelke, 1988; Schmuckler & Tsang-Tong, 
2000). Next to path integration, beacon use also starts at a very young age, being present 
already at 6-to-9-months of age (Acredolo & Evans, 1980; Crowther, Lew, & Whitaker, 2000; 
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Lew, Bremner, & Lefkovitch, 2000; Lew, Foster, & Bremner, 2006). However, here beacons are 
used after transportation or rotation, but not disorientation, giving infants the opportunity 
to combine the use of beacons with path integration. The earliest evidence for landmark use 
other than beacons is found between 9 and 16 months, but also only in paradigms in which 
infants remain oriented (Acredolo, 1978, 1979; Acredolo & Evans, 1980), indicating that 
infants under 16 months of age may only use these visual cues when they are not disoriented. 
However, there is no evidence that children this age already use landmarks to reorient.
A paradigm shift from passive paradigms to paradigms in which infants move themselves 
occurs around 1.5 years of age when most children are able to walk. A paradigm used often in 
children from 1.5 to 6 years of age is the reorientation paradigm. In this paradigm (originally 
designed for animal research), an object is hidden in a rectangular room with a hiding location 
in each corner and an optional coloured wall serving as a landmark (Cheng, 1986). After 
hiding an object in one of the locations, the child is disoriented by spinning it around in the 
centre of the room. After disorientation, the child is allowed to search for the hidden object. 
If the child uses room geometry it should have its first look in either the hiding location or 
the geometrically equivalent corner. If a landmark is present and used by the child, the first 
look should be limited to the hiding location. Early studies using this paradigm have shown 
that children under 5 years of age only use geometry but not landmarks to reorient (Hermer-
Vazquez et al., 2001; Hermer & Spelke, 1994, 1996). These findings led Hermer and Spelke 
to propose the existence of a specific geometric module (see section 1.3.1). However, more 
recent findings using a similar paradigm have shown that 2-year-olds are already capable 
of using landmarks in larger rooms where landmarks are further away from the child, and 
in small square rooms in which geometry is not helpful (Learmonth, Nadel, & Newcombe, 
2002; Learmonth, Newcombe, & Huttenlocher, 2001; Learmonth, Newcombe, Sheridan, & 
Jones, 2008; Nardini, Atkinson, & Burgess, 2008). Moreover, 4-year-olds can use landmarks 
in smaller rectangular rooms if they are verbally instructed to do so (Shusterman, Ah Lee, 
& Spelke, 2011). Hupbach and Nadel (2005) examined whether children use landmarks in 
combination with geometry, or relied solely on landmarks when both were available. In a 
rhombic environment, the pattern of errors children make shows that 4-year-olds only use 
landmark information, while 5-and-6-year-olds rely on both geometry and landmarks.
While the reorientation paradigm is most prominently used in 1.5- to 6-year-olds, 
different paradigms have also been used. For example, in circular environments with multiple 
hiding containers, 3-to-4-years-olds have been found to be capable of using a beacon (i.e. 
finding an object in a distinct container), but were unable to choose the correct indistinct 
container based on its relation with the distinctive container, indicating immature landmark 
use (Gouteux & Spelke, 2001; Lee, Shusterman, & Spelke, 2006). Moreover, Ribordy, Jabes, 
Banta Lavenex, and Lavenex (2012) showed that when there are few hiding locations in a 
square environment, children older than 2 years can use a landmark to find a hidden object. 
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However, when difficulty is increased (i.e. more hiding containers are present), only children 
3.5 years and older are capable of finding the hidden object, indicating that landmark use 
becomes more precise with age. Landmark use develops at even later ages when children are 
tested in an open park environment. Beacon use develops until 5.5 years of age and landmark 
use develops until the age of 6.5 years (Smith et al., 2008). When children are not disoriented 
and can thus aid their search with path integration, 3-to-4-year-olds perform almost at ceiling 
level in using landmarks in a circular environment (Gouteux & Spelke, 2001; Lee et al., 2006). 
Other studies investigating path integration also found that this ability reaches ceiling level at 
3-to-4 years of age, as long as the hiding locations are not too close to each other (Bremner, 
Knowles, & Andreasen, 1994; Rider & Rieser, 1988). Moreover, 3-year-olds are even capable 
of spatial updating based on optic flow cues (i.e. movement of a camera around a scene) 
without vestibular input (Van den Brink & Janzen, 2013).
Altogether, these studies suggest that path integration precedes landmark use and is 
mature around the age of 4 years. The development of beacon use also precedes landmark use, 
but still develops until the age of 5.5 years. Landmark use is present as early as 18-24-months-
olds and seems mature around 6 or 7 years of age. However, most of these studies assessing 
landmark use took place in a reorientation paradigm. Nardini et al. (2009) suggest that 
viewpoint matching in combination with path integration (thus egocentric processing) is 
sufficient to find the goal location in these paradigms. Research in older children focusses 
more on allocentric navigation skills and associative cue use in mazes, which is the third line 
of research that will be described here.
Landmark use for navigation in mazes may be different from landmark use in reorientation 
paradigms, since landmarks typically need to be related to a specific direction to take. Research 
involving this type of landmark use started with using natural environments. In an early study 
by Cornell, Heth, and Broda (1989), 6-and-12-year-old children were asked to lead the way 
back after a walk on an unfamiliar campus. Twelve-year-olds outperformed 6-years-olds 
with both age groups performing better when landmarks were pointed out to them during 
the walk. In a similar experiment in which subjects were deliberately taken off the travelled 
path and asked to point into the starting direction, 12-year-olds were found to outperform 
8-year-olds and to equal adults (Cornell, Heth, & Alberts, 1994). Moreover, 12-year-olds were 
more likely than 8-year-olds to use distal landmarks in addition to proximal landmarks when 
leading the way back (Heth, Cornell, & Alberts, 1997). These results suggest that landmark 
use for navigation still develops between 8 and 12 years of age. A disadvantage of using these 
real life navigation tasks is that the environment is difficult to control. Therefore, the use 
of virtual environments has gained interest in recent years (Jansen-Osmann, 2007). Jansen-
Osmann and Fuchs (2006) showed that learning a route was faster in a maze with landmarks 
as compared to a maze without landmarks for 7-to-12-year-olds and adults. Moreover, twelve-
year-olds and adults showed faster learning of routes through a maze as compared to 7-year-
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olds (Jansen-Osmann & Fuchs, 2006; Jansen-Osmann, Schmid, & Heil, 2007). In a similar 
study, it was shown that 7-year-olds rely more on landmarks (instead of path integration) as 
compared to 12-year-olds and adults, showing less successful wayfinding after removal of the 
landmarks (Jansen-Osmann & Wiedenbauer, 2004). Thus research in both real navigation 
tasks as well as virtual environments seems to show that navigation skills, more specifically 
the use of landmarks as associative cues, develop until the age of 12 years.
Next to these typical maze-like environments, some studies investigating landmark use 
in children around this age used other (virtual) environments. For example, Laurance et al. 
(2003) used an adapted Morris Water Maze (MWM) task to study the use of a configuration 
of landmarks. They showed that children between 3 and 10 years of age improved target 
localisation based on a configuration of landmarks, reaching adult levels between 9 and 
10 years of age. However, the use of multiple cues was not strictly necessary for success in 
this task. In similar paradigms in which available cues were alternated, 5-year-olds mainly 
relied on a proximal landmark (using a landmark for egocentric processing), 10-year-olds 
and adults relied more on an allocentric strategy based on distal landmarks, and 7-year-olds 
were transitioning between these two strategies (Bullens et al., 2010; Lehnung et al., 1998; 
Leplow et al., 2003; Townsend, Richmond, Vogel-Farley, & Thomas, 2010). Bullens et al. 
(2010) showed that while 7 years olds were initially better at using a proximal landmark, they 
could be trained to use an allocentric strategy (Bullens, Székely, Vedder, & Postma, 2010). 
These results suggest that the use of landmarks for allocentric processing only starts between 
5 and 7 years of age. Additional evidence for this late onset comes from a study by Nardini 
et al. (2009). In a square room with a large landmark in the middle and hiding boxes on 
both sides of the landmark, 4-to-8-year-old children had to choose the correct hiding box. 
Disorientation involved movement to the other side of the landmark which the children had 
not seen before. After disorientation, only 6-to-8-year-olds could find the correct hiding 
location. Lastly, allocentric processing was also found to improve between 5 and 10 years of 
age in a virtual star maze (Bullens et al., 2010). Together, these results show that advanced 
forms of landmark use still develop at a later age with allocentric processing only starting to 
develop around 6 years of age and developing until 10 or 12 years of age.
The studies described here show that the development of navigation skills starts with 
oriented behaviour. Path integration seems to be mature around 3 to 4 years of age. Visual 
cue use after disorientation starts later, and has a more prolonged development. The research 
on the development of visual cue use can be linked to the taxonomy by Chan et al. (2012). 
Beacon use is present already in 1.5-year-olds, but still develops until 5.5 years of age. The use 
of landmarks for reorientation starts around 1.5 to 2 years of age, and seems mature at around 
6 years of age. Associative landmark use has been studied only in children from 6 years of age 
and matures around 12 years of age. However, at what age the development of associative cue 
use starts remains unclear. The most advanced form of visual cue use is the use of landmarks 
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as a frame of reference. Research on this type of landmark use has shown that the use of 
reference frames starts at 6 years of age and develops until 10 to 12 years of age. However, the 
literature on this topic is still scarce and paradigms used are often less complex than the ones 
typically used in adult studies, leaving the question at what age maturity is reached.
 
1.4 METHODS USED IN THE THESIS
In this thesis, I will address both the development of object processing in an environment 
as a precursor of landmark use, as well as the development of landmark use for navigation. 
To achieve this, several methods are used throughout this thesis. In chapters 2 and 3, event-
related brain potentials are used, a technique described in section 1.4.1. In chapters 4 and 5, we 
assess behaviour in a cross-maze and a virtual environment respectively. These environments 
and their advantages and disadvantages will be discussed in section 1.4.2. 
1.4.1. Event-related potentials
Event-related potentials (ERPs) are derived from the electro-encephalographam (EEG). EEG 
measures small voltage fluctuations at the scalp. These voltage fluctuations are generated by 
post-synaptic activity of a large population of neurons which are activated synchronously. 
An ERP is a part of the EEG that reflects activity that is time-locked to a specific event, for 
example viewing a picture (see Figure 1.3). The amplitude of the ERP is very small relative 
to the amplitude of spontaneous EEG. Therefore, the ERP is not visible in the spontaneous 
EEG. In order to obtain an ERP related to a specific event, non-event-related activity has to be 
filtered out. This is achieved by averaging a number of EEG epochs related to the same (type 
of) event. The assumption is that activity unrelated to the event cancels out after averaging. 
The resulting averaged ERP gives insight into the cognitive processing of the event at a 
millisecond precise level. 
ERP waveforms are characterized by positive and negative deflections which are referred to 
as ERP components. Negative deflections are often plotted upwards while positive deflections 
are often plotted downwards. In the adult literature, ERP components are often named based 
on the component’s polarity and peak-latency or serial position in the ERP waveform. For 
example, the N1 is the first negative deflection after stimulus onset, and the P300 is a positive 
deflection around 300 ms. It is important to distinguish between an ERP component and an 
ERP effect. While an ERP component shows the brain response in reaction to the stimulus, 
the ERP effect shows the difference in brain response by subtracting the ERP in one condition 
from the ERP in another condition. 
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Figure 1.3 Schematic overview of the ERP methodology. EEG is recorded while the participant views 
images. The EEG is amplified during recording and then segmented based on the stimulus. An ERP is 
obtained by averaging these segments. Figure adapted with permission from Kos (2013).
A major advantage of the ERP technique is the high temporal resolution in the order 
of milliseconds. Moreover, it makes it possible to detect brain responses in a non-invasive 
manner. Another advantage is that no overt response is required from subjects. Therefore, it 
is applicable to special populations, like infants and patients. While this is also true for the 
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habituation paradigm that is often used in infant research, a drawback of that paradigm is that 
factors other than the variable of interest may influence looking times, such as the number of 
habituation trials (Aslin, 2007; Schoner & Thelen, 2006). A disadvantage of the ERP technique 
is the low spatial resolution. Based on the topographical distribution measured at the scalp, no 
claims on underlying brain regions can be made other than different scalp distributions likely 
being caused by different neural generators.
ERPs in infants differ in timing and attributed function as compared to adults and are 
most often not labelled by their timing, since the timing of the ERP effect differs with age. 
Important effects found in infants include the Nc (Negative central) effect and the positive 
slow wave (PSW). The Nc effect is an effect with a fronto-central scalp distribution emerging 
around 400 to 600 ms after stimulus onset, depending on the age of the infant (Ackles & 
Cook, 2007; Goldman, Shapiro, & Nelson, 2004; Izard, Deheane-Lambertz, & Deheane, 2008; 
Karrer & Monti, 1995; Reynolds & Richards, 2005). It has been related to both conscious and 
unconscious change detection (Ackles, 2008; De Haan & Nelson, 1997, 1999; Richards, 2003; 
Richards, Reynolds, & Courage, 2010). The PSW sometimes follows the Nc effect, reflecting 
updating of memory representations of partially encoded stimuli (Hoehl, Wahl, Michel, & 
Striano, 2012; Nelson & Collins, 1992). In Chapter 3 we examine these two ERP effects in 
response to the processing of different kinds of object changes in 12-month-old infants.
1.4.2 Behavioural methods
One of the disadvantages of using the ERP method is that participants need to sit still in order 
to obtain a good signal. Moreover, many trials are necessary to obtain a reliable ERP making 
short stimulus presentations necessary to avoid very long experiments. This makes the ERP 
method unsuitable for examining more complex navigation skills. Therefore, behavioural 
methods are used in Chapter 4 and 5 to investigate navigation skills.
In Chapter 4, the goal is to assess navigation skills in 2.5-and-3.5 year-old children. To 
assess navigation, mazes are often used for older children. Most of these experiments make use 
of virtual environments because these are easily controllable. However, this requires children 
to be able to use computer devices and to navigate without vestibular input. Therefore, this 
method is not suitable for younger children. Hence, we will use a cross-maze. A cross-maze 
is a simplified radial arm maze made out of two crossing paths generating four alleys, all at 
a 90 degree angle. The advantage of the cross-maze is that it is more comparable to real-life 
navigation then a reorientation paradigm, since the environment is not completely visible 
from each point within the environment. Cross-mazes have been used mainly with rats to 
examine navigation skills as well as novelty anxiety (e.g. Mayo, Kharouby, Le Moal, & Simon, 
1988; Salimov, McBride, McKinzie, Lumeng, & Li, 1996). To my knowledge, only one study 
has reported human behaviour in a cross-maze (Plate & Bell, 1971). In this study, two-to-six-
year-old children were instructed to crawl through a cross-maze twice from the same starting 
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location or two different starting locations to examine whether they chose the same route 
twice or chose different routes on both trials. They found that children who started twice at 
the same starting location alternated their direction more often than children who started 
from two different starting locations. However, the use of visual cues in a cross-maze was not 
studied here.
In Chapter 5, we will examine navigation skills in 5-to-10-year-olds using a desktop virtual 
environment. As mentioned above, virtual environments are used in a substantial number of 
studies in older children (e.g. Bullens et al., 2010; Jansen-Osmann & Fuchs, 2006), as well as 
in adults (e.g. Baumann, Chan, & Mattingley, 2010). Some of the advantages are the ability to 
control and quickly change variables in the environment, as well as precise registration of the 
behaviour (i.e. movement, rotation) of the participant (Jansen-Osmann, 2007). Children 5 to 
10 years of age should be able to use computer devices, in our case a keyboard, to navigate 
through an environment. Previous research comparing navigation skills in real versus virtual 
environments as shown that both adults and children perform similarly in virtual and real 
environments (Laurance et al., 2003; Péruch & Wilson, 2004; Plumert, Kearney, Cremer, & 
Recker, 2005; Wallet et al., 2011). One of the disadvantages of using virtual environments is 
the potential confound of performance with gaming experience. To account for this, we will 
incorporate gaming experience in our analyses in this study.
Following several adult studies on navigation (Baumann et al., 2010; Baumann, Skilleter, 
& Mattingley, 2011; Wegman, Tyborowska, & Janzen, 2014), children will navigate through 
an open environment in Chapter 5. The advantage of using an open environment as compared 
to a maze is the ability to measure the detail in navigation. While in mazes, one can only 
pick the correct or incorrect alley, in open environments without concrete, visible hiding 
locations, one can measure the distance between the hiding location and the location chosen 
by the participant. In this way, we can gain insight in the precision of children’s (allocentric) 
representation of the environment.
1.5 OUTLINE OF THE THESIS
The research described in this thesis examines the development of landmark use and 
its precursors. Our first aim is to study the time course of processing objects within an 
environment in adults and young children. To accomplish this, we will use ERPs to measure 
the electrophysiological correlates of object processing. The second aim is to investigate how 
the use of landmarks for navigational purposes develops in children between 2 and 10 years 
of age.
In Chapter 2 we investigate adults’ processing of objects in an environment by looking at 
ERP responses to changes in the location and identity of objects, as well as a location switch 
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of two objects measuring object to location binding. EEG will be measured during a match-
to-sample task in which participants view two scenes that matched or mismatched because of 
a change in object identity, object location, number of objects, or a switch of object locations. 
This study will serve as a baseline for examining the electrophysiological correlates of object 
processing in infants.
In Chapter 3 we study the ability of 12-month-olds to quickly detect a change in object 
location, object identity, and a location switch of two objects presented in a scene, a necessary 
prerequisite for landmark use. Here we use a passive viewing oddball paradigm in which a 
standard stimulus was presented often (70%), with the changed stimuli all occurring in 10% of 
the presentations. EEG will be measured to examine the time course and electrophysiological 
correlates of processing the deviant stimuli.
In Chapter 4 we examine the early use of proximal landmarks in a cross-maze in 2.5 and 
3.5-year-old children. We will compare the use of landmarks to the use of beacons and the 
use of path integration. Moreover, we will study the effect of verbal instructions on the use of 
landmarks in 3.5-year-olds.
In Chapter 5 we will study more advanced forms of landmark use. In 5- to 10-year-
old children, we will assess the use of allocentric navigation skills based on landmarks as 
compared to the use of egocentric navigation skills while the children are navigating through 
a virtual environment. Positional and directional landmark information is manipulated to 
investigate which information is more useful during navigation. Moreover, navigation skills 
are related to age and gender, as well as the cognitive factors verbal working memory, visuo-
spatial working memory and language skills to examine their relative contributions to both 
egocentric and allocentric navigation.
In Chapter 6, the results of these studies are summarized and discussed. Moreover, 
directions for future research are presented.
CHAPTER 2
Electrophysiological Correlates of Object 
Location and Object Identity Processing 
in Spatial Scenes
A.H. van Hoogmoed, D. Van den Brink, & G. Janzen (2012). 
PLoS ONE, 7(7), e41180.
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2.1 ABSTRACT
The ability to quickly detect changes in our surroundings has been crucial to human adaption 
and survival. In everyday life we often need to identify whether an object is new and if an 
object has changed its location. In the current Event-Related brain Potential (ERP) study we 
investigated the electrophysiological correlates and the time course in detecting different types 
of changes of an object`s location and identity. In a delayed match-to-sample task participants 
had to indicate whether two consecutive scenes containing a road, a house, and two objects, 
were either the same or different. In six randomly intermixed conditions the second scene 
was identical, one of the objects had changed its identity, one of the objects had changed its 
location, or the objects had switched locations. The results reveal different time courses for 
the processing of identity and location changes in contextually rich environments. Whereas 
location changes elicited a posterior N2 effect, indicating early mismatch detection, followed 
by a P3 effect reflecting further novelty processing, identity changes elicited an anterior N3 
effect, which was delayed and functionally distinct from the N2 effect found for the location 
changes. The condition in which two objects switched position only elicited a late ERP effect, 
reflected by a P3 effect similar to that obtained for the location changes. In sum, this study is 
the first to cohesively show that location changes in complex spatial scenes are detected earlier 
and reveal different neural correlates compared to changes in the identity of objects.
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2.2 INTRODUCTION 
The ability to detect changes in our environment is crucial for survival. From an evolutionary 
perspective, detection of changes in the environment would have been vital for our forefathers, 
the hunters and gatherers. For example, when encountering an animal in their visual field, it 
was crucial to quickly identify as well as locate the animal; a poisonous spider at a distance 
of 1 meter requires a different action than a bird at the same distance. Likewise, a snake at 
10 m away would require other behaviour than the same snake at 50 cm away. Nowadays, we 
still make use of this ability on a daily basis. When intending to cross the street, seeing a car 
driving in your direction at a distance of 30 meters may encourage you to wait until it has 
passed, whereas crossing the street is still possible when someone on a bicycle approaches you 
at a much closer distance. This illustrates that in everyday life, fast detection of changes in our 
surroundings, for example object location and object identity is essential. 
From a neuronal perspective, object identity and location have been shown to be 
processed in different brain regions. Using the MRI technique, many studies have confirmed 
the theory of Ungerleider and Mishkin (1982) proposing that the ventral stream is more 
active for processing object identity, while the dorsal stream is more active for processing 
spatial information (Jackson, Morgan, Shaphiro, Mohr, & Linden, 2011; Munk et al., 2002; 
Pihlajamaki et al., 2005). However, for detecting changes in an environment, not only identity 
processing and spatial location processing are important, but also the integration of an object’s 
identity and its location. Postma, Kessels, and Van Asselen (2008) have recently proposed 
three distinct neural processing mechanisms for object identity processing, spatial location 
processing, and object-to-location binding. On the basis of a review on neuropsychological 
studies, they conclude that temporal lobe structures are primarily involved in object identity 
memory, the posterior parietal cortex in spatial location processing, and the hippocampal 
formation in binding objects to locations. However, the different time courses and 
electrophysiological correlates related to the processing of object identity, object location, and 
binding objects to locations remain unclear. Therefore, in the current event-related potential 
(ERP) study, the time course and electrophysiological correlates of changing object locations 
and object identities in spatial scenes were studied. 
Previous ERP studies investigating changing object locations and object identities used 
paradigms in which location and object identity processing was assessed by two distinct 
match-to-sample tasks (Simon-Thomas, Brodsky, Willing, Shina, & Knight, 2003; Singhal, 
2006) or in one task with an asymmetrical emphasis on the two characteristics (Mecklinger, 
1998). These studies revealed different time courses, with most of them favouring spatially 
based information over identity based information. In addition, multiple different ERP 
correlates suggested to be related to the processing of these two types of information were 
found, including N2 and P3 effects (Mecklinger, 1998; Mecklinger & Meinshausen, 1998; 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 2
28
Mecklinger & Muller, 1996; Mecklinger & Pfeifer, 1996; Simon-Thomas et al., Singhal, 2006). 
The posterior N2 effect has been found to be related to the detection of a change (Eddy, 
Schmid, & Holcomb, 2006; Eimer & Mazza, 2005; Potts, Liotti, Tucker, & Posner, 1996), and 
in a review article by Koivisto and Revonsuo (2010) has been interpreted as an instance of the 
visual awareness negativity (VAN). This VAN is related to the moment an individual becomes 
aware of a change with respect to visual information held in memory (Koivisto & Revonsuo, 
2003; 2010). Posterior N2 effects are often followed by a P3 effect, which was shown to be 
related to confidence of the response (Eimer & Mazza, 2005) and to conscious post perceptual 
processing (Koivisto & Revonsuo, 2003; 2010). Crucially, in the abovementioned studies in 
which these effects were found, identity and location changes were investigated with objects 
projected on blank screens. However, in daily life we encounter objects in more complex 
surroundings, and information about the exact time course of detecting changes in objects in 
contextually richer environments is as yet unclear.
One recent ERP study investigated object location processing in a more complex visual 
spatial environment (Murphy, Wynne, O’Rourke, Commins, & Roche, 2009). Participants 
had to remember objects placed in a grid containing two landmarks in a study phase. After 
that, a test phase followed in which either the same grid, a grid in which the object had moved, 
or a grid containing a novel object was shown. Participants had to respond to whether the 
presented object was a previously studied object or not. When the original object was shown 
at its original location, the latency of the P3 component was shorter relative to when the 
location of the object had changed or a novel object was shown. P3 amplitude did not differ 
between conditions. The difference in P3 latency was assumed to reflect the difference in the 
speed of encoding object locations and object identities. However, in this study the emphasis 
was placed on object identity processing and less on object location processing. Moreover, 
the paradigm required an immediate response to the stimulus. The reaction times were 
modulated by the conditions in a similar way as the P3 latency. As a result, the P3 latency 
related to processing of the stimuli may have been partly overlapping with ERP components 
related to the execution of the response (Vogel & Luck, 2000). 
To unravel the time course of detecting changes in object identities and object locations in 
complex environments, in the current study we presented objects in contextually rich spatial 
scenes containing a house, a road, and two objects. In order to equally emphasize object 
identity and object location, we contrasted them directly in a single task in which, using a 
delayed response paradigm, participants had to decide whether a second scene was identical 
to a first scene or not. Six conditions were randomly presented in this task (Figure 1A). In (a) 
the match condition, the second scene was identical to the first scene, in (b) the side change 
condition, one object’s location changed sides in the visual display, in (c) the depth change 
condition, one object’s location was moved in depth, in (d) the disappearance condition, one 
of the objects disappeared, in (e) the identity change condition, one of the objects was replaced 
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by another object, and in (f) the switch condition, the objects switched position, measuring 
object-to-location binding. Conditions (b), (c), and (d) were all considered location change 
conditions, since one of the objects has left its initial location, while in conditions (e) and (f) 
both initial locations remained occupied by an object.
In the present study our main question concerned the time course and electrophysiological 
correlates of the processing of object identity and location information. Based on studies using 
blank environments location changes may be processed earlier than identity changes (Simon-
Thomas et al., 2003; Singhal, 2006). However, Murphy et al.’s study (2009) using a more 
complex environment showed the opposite effect. Both location changes and identity changes 
are hypothesized to elicit earlier effects than object switch, since information processed in the 
dorsal and ventral stream needs to be integrated in order to detect a switch. We expect these 
time course differences between conditions to manifest themselves as modulations of the N2 
component, reflecting visual change detection processes (Eddy et al., 2006; Eimer & Mazza, 
200; Potts et al, 1996), as well as modulations of the P3 component, indicating post perceptual 
processing (Koivisto & Revonsuo, 2003; 2010). 
2.3 METHOD
2.3.1 Participants
Twenty-three paid volunteers participated in this study, after having given written informed 
consent. Three participants were excluded from the analyses, two due to problems with the 
recording computer, and one because of a large number of errors (deviating more than 3 sd 
from the mean). Thus, twenty participants (10 men, 10 women) remained in the sample. They 
were all right-handed as assessed by a self-reporting questionnaire. Their mean age was 22;7 
years (ranging from 18;2 to 28;5) and they were mostly undergraduate students from the 
Radboud University Nijmegen. Participants had normal or corrected-to-normal vision and 
were not colour blind.
2.3.2 Stimuli
The stimuli consisted of computer-generated environments created with Google SketchupTM 
(see Figure 1A). This program allows for the creation of 3D environments. These environments 
are scaled environments and one can measure ‘real life’ sizes of objects and distances between 
objects in the environment. For example, the front wall of the house measured 6 by 10.5 m. 
Two objects were placed along the road, which in half of the trials ran from the left bottom of 
the scene, and in the other half from the right bottom of the scene up to the house centred just 
above the middle of the scene. The objects could be placed at 4 locations along the road. These 
locations were either 20 or 38 meters in front of the house (in real size) and were placed at 5 
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meters horizontal distance from the road (measured from the middle of the object) at both 
sides. All objects were familiar objects scaled to their normal size. The locations of the objects 
were counterbalanced. The viewpoint was 72.83 meters from the house, with a viewing angle 
of 36.6 degrees (10.75 m high) centered at the middle of the front door of the house.
A: experimental conditions
B: time course of a trial
match side change depth change
disappearance object change switch
1000 1200 1000-2000 2000 rt 2000
Figure 2.1 A) Illustrative examples of experimental conditions, B) Graphic display of time course of the 
trials.
In total, 52 different objects were used to create the stimuli. They were paired differently in 
each trial, to construct a total of 360 trials plus four practice trials. The experiment contained 
six conditions: a) match, b) side change, c) depth change, d) disappearance, e) identity change, 
or f) switch (see Fig. 1a). In the match condition, the second scene (S2) was the same as the 
first scene (S1). In the side change condition, one of the objects was moved to the other side 
of the road in S2, but stayed at the original distance from the house (either 20 or 38 m). In 
the depth change condition, one of the objects was moved to a new position along the road 
(from 20 to 38 m or vice versa), but stayed at the same side of the road. In the disappearance 
condition, one of the objects disappeared. In the identity change condition, one of the objects 
was replaced by another object. Finally, in the switch condition, the objects from S1 switched 
positions with each other. For illustration purposes, all scenes in Figure 1a were derived from 
the same sample scene, but in the experiment no scene appeared in more than one trial. Side 
change, depth change, and disappearance are all location change conditions, i.e., one of the 
locations occupied by an object in S1 is not occupied in S2. 
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2.3.3 Procedure
Participants were seated in an electrically shielded room in front of a computer screen at a 
distance of approximately 60 cm. After they were comfortably seated, the task instruction 
was visually displayed on the screen. Participants were told that they would be shown two 
consecutive scenes and they had to press a mouse button after the second picture disappeared 
to indicate whether the scenes were the same (left button) or different (right button). They 
were instructed to blink during the presentation of a blinking star displayed in between trials 
and to blink as little as possible during the rest of the trial. They were also instructed to keep 
their gaze fixated on the middle of the screen (where the fixation cross was presented), but that 
they could move their eyes if it was otherwise impossible to see the whole scene. The scenes 
were sized 16.7 by 10.6 cm and displayed on a 27 x 34 cm screen to keep eye-movements as 
limited as possible. The remaining part of the screen was black. 
The time course of a trial is shown in Figure 1B. First, a fixation cross was displayed for 
1000 ms, followed by presentation of S1 for 1200 milliseconds. After that a fixation cross 
was shown which was jittered in duration between 1000 and 2000 milliseconds. Then S2 
was presented for 2000 milliseconds followed by the words ‘Kies nu’ (‘Choose now’) which 
indicated that the participant should respond. After the participant had responded, a blinking 
star was displayed for 2000 ms, indicating that the participants were allowed to blink. All 
conditions apart from the match condition contained 45 trials. In the latter condition 135 
trials were presented to avoid a bias towards pressing the ‘different’ button.
After the instruction, four practice trials were used to familiarize the participants with 
the experimental setting, after which they could ask questions to the experimenter. Next, the 
experiment started when the participant pressed a button. In total, 5 blocks of 72 trials each 
were presented to the participant. Each block lasted about 10 minutes and there were breaks 
in between the blocks.
Figure 2.2 Distribution of electrodes across the 
scalp with the five clusters selected for statistical 
analyses in grey.
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2.3.4 EEG recordings and analyses
EEG data were recorded with a 64-electrode equidistant actiCAP (Brain Products GmbH) 
referenced to the left mastoid (Figure 2.2). Signals were passed through a BrainAmp DC 
amplifier (Brain Products GmbH) and were recorded on-line with a sampling rate of 1000 
Hz. Measured activity was filtered on-line using a 200 Hz low-pass filter, and a time constant 
of 10 sec. To measure eye movements, an additional electrode was placed below the left eye. 
Impedance was kept below 20 KΩ, which is a standard setting in active electrode recording. 
Data were analysed in the Matlab-based open source program Fieldtrip (Oostenveld, Fries, 
Maris, & Schoffelen, 2011). EEG signals were re-referenced to the mean of the left and 
right mastoid. The signals were screened manually for movement and muscle artifacts and 
then corrected for horizontal and vertical eye movements by employing the Independent 
Component Analysis (ICA) method (Jung et al., 2000). Signals were filtered with a 0.1 to 40 
Hz band-pass filter. Then EEG data were segmented from 200 ms before to 1200 ms after the 
onset of S2. Segments were baseline-corrected by subtracting the mean amplitude in the -200 
to 0 ms pre-stimulus interval. Only correct trials were analysed. For each electrode ERPs were 
computed by averaging the segments of artifact-free trials per condition. A mean of 40 to 42 
trials per condition were available for the computation of the ERPs with a minimum of 32 
epochs per condition per subject. In the match condition, only every third trial was included 
in the final analysis to keep the number of trials in each condition similar. Based on our 
hypotheses, analyses were conducted in the N2 (190-250 ms), and P3 (300-500 ms) latency 
windows. In addition, based on visual inspection, data in the N1 (80-140 ms) and N3 (250-
400 ms) latency windows were also analysed. 
Data were analysed with repeated measures ANOVAs on the mean amplitude values with 
the within-subject factors Condition (6 levels) and Region (5 levels). For the factor Region, 
five clusters of seven electrodes were constructed; central (electrodes 1-7), left anterior (18, 
19, 32, 33, 34, 48, 49), right anterior (9, 10, 21, 22, 23, 37, 38), left posterior (15, 16, 28, 29, 
30, 44, 45), and right posterior (12, 13, 25, 26, 27, 41, 42; see Fig. 2.2). Greenhousse-Geisser 
correction for nonsphericity (Greenhouse & Geisser, 1959) was applied whenever appropriate. 
Corrected p values are reported along with original degrees of freedom.
2.4 RESULTS
2.4.1 Behavioural Performance
The participants’ performance was highly accurate. Percentages of correctly answered trials 
per condition are reported in Table 2.1. Because participants were instructed to give a delayed 
response 2 seconds after the stimuli were presented, reaction times were not analysed.
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Table 2.1 Accuracy Data per Condition
condition percentage correct (sd)
match 95.22 (4.49)
side change 98.78 (1.83)
depth change 97.89 (2.93)
disappearance 99.33 (1.62)
identity change 93.33 (5.81)
switch 95.33 (4.14)
2.4.2 Event-related Potentials
The ERP waveforms for all conditions are shown in Figures 2.3a and 2.3b. The figures show 
that the waveforms of the side change, depth change, and disappearance conditions are all 
deviating from the match around 200 ms after stimulus onset (Fig. 2.3a), while the waveforms 
for the identity change and switch conditions deviate from the match later at around 300 ms 
after stimulus onset (Fig. 2.3b). However, the identity change and switch do not resemble 
each other, with the identity change condition deviating negatively from the match condition 
and the switch condition revealing a somewhat delayed positive effect compared to the match 
condition. 
2.4.2.1 Omnibus analyses.
As a first step, omnibus ANOVAs with the within-subject factors Condition (6 levels) and 
Region (5 levels) were carried out on the preselected time windows. The statistical results are 
shown in Table 2.2.
match
side change
depth change
disappearance
A: Location changes B: Identity change and switch
match
identity change
object switch
600 800 1000
[ms]
8
6
4
2
-2
-4
-6
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33 22
1
29 26
33 22
1
29 26
200 400
Figure 2.3 Grand average ERP waveforms of A) location changes, B) identity changes and switch, both 
including match. The location of the represented electrodes can be found in Figure 2.2.
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Table 2.2 Analysis of variance for the mean ERP amplitudes in the N1, N2, N3 and P3 window for all 
conditions
Condition (df = 5,95) Region (df = 4,76) Condition* Region
(df = 80,320)
F p F p F p
N1 .16 .931 59.88 <.001*** 1.26 .282
N2 .60 .702 69.62 <.001*** 7.65 <.001***
N3 27.78 <.001*** 63.77 <.001*** 14.80 <.001***
P3 37.27 <.001*** 64.51 <.001*** 14.06 <.001***
Note. *p<.05, **p<.01, ***p<.001
In the N1 latency window (80-140 ms), a fronto-central negativity was found in all 
conditions, which did not differ between conditions. In the N2 latency window (190-250 
ms), a fronto-central negativity was elicited, together with a posteriorly distributed positivity. 
The ANOVA did not reveal a main effect of Condition, but a significant interaction between 
Condition and Region was obtained. In the N3 latency window (250-400 ms), a negativity can 
be seen for the identity change condition compared to the match condition, in the absence of 
a negativity in the other conditions. This was confirmed by a main effect of both Condition 
and Region, and an interaction between these factors. In the P3 latency window, Figure 2.3 
illustrates a positive component at central and posterior electrodes in all conditions. The 
ANOVA revealed a main effect of Condition, a main effect of Region, and an interaction 
between these two factors. Next, separate ANOVAs were carried out in the N2 and P3 time 
windows, comparing all conditions separately to the match condition. Whenever a significant 
effect of Condition or an interaction between Condition and Region was found, differences 
between conditions were tested separately for each region. Results of these analyses are 
reported in Table 2.3 and 2.4. In the N3 time window an ANOVA was carried out, comparing 
the identity change to the match, since only the identity change showed a negative effect 
compared to the match.
N2 latency window. Scalp distributions of all non-matching conditions minus match are 
shown in Figure 2.4. Statistical results are reported in Table 2.3. While the analyses on the 
side change, depth change, and disappearance conditions all elicited an interaction between 
Condition and Region, the identity change and switch conditions neither resulted in an effect 
of Condition, nor in an interaction between Condition and Region. Figure 2.4 shows that the 
depth change, and disappearance elicited an anterior P2 and posterior N2 compared to the 
match condition in this time window, while the identity change and switch conditions did not 
differ from the match, which was confirmed by the post-hoc analyses. For the side change 
condition, the interaction was also significant and a similar pattern as in the depth change 
and disappearance conditions can be observed. However, here post-hoc tests failed to reach 
significance.
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Figure 2.4 Scalp distributions of ERP effects (change minus match) for N2, N3, and P3 latency windows.
 
N3 latency window. In the N3 latency window, we only observed a negativity in the 
identity change condition compared to the match condition. Statistical analysis revealed a 
marginally significant effect of Condition, F (1,19) = 3.61, p = .073, a main effect of Region, 
F (4,76) = 80.73, p < .001, and an interaction between these factors, F (4,76) = 5.93, p = .002. 
Identity change was found to elicit an anterior N3 effect compared to the match, LA: F (1,19) 
= 8.92, p = .008, RA: F (1,19) = 7.13, p = .015. 
P3 latency window. Statistical results of the ANOVAs in the P3 window are reported in 
Table 2.4. Scalp distributions of differences between the non-matching conditions and match 
are shown in Figure 2.4. The results revealed a significant main effect of Condition for all 
contrasts involving the match condition except for the identity change versus match. In 
addition, significant interactions between Condition and Region were found for all comparisons 
against the match. For the side change, depth change, and disappearance conditions the P3 
effect was significant in all regions, with a maximum over the central areas (see Fig 2.4). In the 
switch condition, the P3 effect had a less widespread distribution across the scalp, confirmed 
by significant main effects in all but the left anterior region. In the identity change condition, 
significant effects of condition were only found in the anterior regions. However, as can be 
seen in Figure 2.4, this is due to a negativity of the identity change compared to the match 
instead of a P3 effect. However, in a slightly later time window, the identity change seems 
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to show a P3 effect compared to the match condition. Additional statistical analyses of the 
450-650 ms latency window did reveal a significantly larger amplitude in the identity change 
condition than the match condition at central and posterior sites, all p < .005.
 
2.4.2.2 Side change, depth change, and disappearance.
We were also interested in differences between the different location change conditions. 
A difference between side and depth change versus disappearance would indicate that the 
scenes are processed further after one detects that the object has disappeared from its original 
location. A difference between side change and depth change could indicate a difference 
between categorical and coordinate changes (Van Asselen, Kessels, Kapelle, & Postma, 2008). 
The three location change conditions were tested against each other in the N2 and P3 time 
windows. In the N2 window no effect of Condition and no interaction between Condition and 
Region were obtained. In the P3 time window, no main effect of Condition, but a significant 
effect of Region, F (4, 76) = 52.71, p < .001, and an interaction between Condition and Region, 
F (8, 152) = 6.51, p < .001 were found. Side change elicited a larger P3 effect than depth 
change in the right posterior region, F (1, 19) = 5.83, p = .026. The P3 in the disappearance 
condition was more right lateralized than in the side change and depth change conditions. 
This was confirmed by a larger positivity at the left posterior sites for both side and depth 
change compared to disappearance, F (1, 19) = 21.64, p < .001, and F (1, 19) = 13.01, p = .002, 
respectively.
2.4.2.3 Identity change vs. switch.
The identity change and switch were tested in a Condition (2) x Region (5) repeated measures 
ANOVA in the N2, N3 and P3 latency windows. In the N2 latency window, no effect of 
Condition, and no interaction between Condition and Region were found. In the N3 latency 
window, effects of Condition, F (1, 19) = 11.26, p = .003, and Region, F (4, 76) = 76.10, p < 
.001 were obtained, but no interaction between the two factors. Identity change elicited a 
larger anterior negativity and smaller posterior positivity than the switch. In the P3 latency 
window effects of Condition, F (1, 19) = 31.91, p < .001, as well as Region, F (4, 76) = 74.76, p < 
.001, and an interaction between Condition and Region F (4, 76) = 5.74, p = .005 were found. 
Switch elicited a larger positivity in all regions, all Fs > 13.5, p ≤ .002. This effect was larger in 
the central region than in the other regions, all Fs > 9.72, p ≤ .006, and it was smaller in the 
right posterior region relative to the left posterior region, F (4, 76) = 5.42, p = .031.
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2.5 DISCUSSION
In the present ERP study, we investigated the time course and electrophysiological correlates 
of processing object location and object identity in spatial scenes. In a delayed match-to-
sample task participants had to indicate whether the two scenes containing a road, a house, 
and two objects, were either the same or different. The scenes could either be identical, one of 
the objects could have changed identity, one of the objects could have changed location, or the 
objects could have switched places. The results show that location changes are detected faster 
than identity changes, which in turn are detected faster than object switches. These effects are 
reflected by modulations of the N2, N3, and P3 components.
Relative to the match, all location change conditions revealed a posterior N2 effect in the 
190-250 ms latency window, although in the side change condition this effect did not reach 
statistical significance (see Fig. 2.4). The observed N2 effect is believed to be an instance of the 
visual awareness negativity (VAN), which has previously been found to reflect the detection 
of a change in a visual stimulus (Eimer & Mazza, 2005; Potts et al., 1996; Koivisto & Revonsuo, 
2003; 2010). These results show that in this early time window, location changes have already 
been detected, while identity changes and object switches have not. Importantly, the effect 
in this time window cannot be explained by differences in visual attention between the 
conditions, as the conditions were randomly intermixed in this study. Moreover, it has been 
shown that differences in attention to visual stimuli are reflected in an N1 effect (Johannes, 
Munte, Heinze, & Mangun, 1995), and we did not find an effect of condition in the N1 window. 
Therefore, we interpret the posterior N2 effects as reflecting the detection of a visual change.
The results show that ERPs to identity changes deviate somewhat later from the match 
condition than location changes, resulting in an N3 effect in the 250-400 ms latency window. 
One may argue that this negative effect reflects a delayed VAN, as it has previously been 
shown that the latency of the VAN can be delayed until 460 ms depending on the contrast 
between the stimuli (Koivisto & Revonsuo, 2010). However, the N3 effect in our study reaches 
its maximum amplitude at anterior electrode sites whereas the VAN has been shown to have 
a posterior scalp distribution. These differences in scalp distribution indicate that the N3 
effect is functionally different from the N2 effect in the location change conditions. Indeed, 
a similar anteriorly distributed N3 effect has previously been found to reflect processing of 
object specific representations (Eddy et al., 2006; McPherson & Holcomb, 1999). Only after 
objects presented in the scene have been identified and compared to object representations in 
memory, a difference can be detected. These results show that object specific processing within 
a complex environment takes place within 400 ms of presentation of the second stimulus.
The 300-to-500 ms time window revealed P3 effects for several conditions. Amplitude 
modulations of the P3 component were found for location changes and the switch compared 
to the match and identity change. The effect was even larger for the location changes compared 
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to the switch. These results are in line with previous studies presenting objects on blank screens 
showing a larger P3 amplitude for location changes relative to matches (Simon-Thomas et al., 
2003), and a larger amplitude for location changes than identity changes (Mecklinger, 1998). 
The switch condition did not deviate from the match until this time window, suggesting that 
the switch was detected only after 300-500 ms, and thus later than the location change and 
identity change. This is in line with theories that both information about location and identity 
of the object have to be bound together, and this requires integration of information processed 
in the dorsal and ventral stream (Ungerleider & Mishkin, 1982).
The single condition that did not show a larger P3 compared to the match in the 300 to 500 
ms latency range, was the identity change condition. However, the identity change does elicit a 
small P3 effect in a slightly later time window. This later occurrence of the positive effect in the 
identity change condition is possibly due to the elicitation of an overlapping N3 component 
in the identity change condition. Alternatively, the apparent P3 latency difference between the 
identity change condition and the location change conditions may reflect a longer duration of 
perceptual and decision-related processing in this condition (Czigler & Csibra, 1990; Eimer & 
Mazza, 2005; Hagen, Gatherwright, Lopez, & Polich, 2006; Murphy et al., 2009). This would 
indicate that the detection of the identity changes requires more effort than the detection of 
location changes. In addition, P3 amplitude of the identity change appears to be smaller than 
the amplitude of the location changes (regardless of its latency differences). P3 amplitude has 
previously been shown to be inversely related to the difficulty of stimulus evaluation (Hagen 
et al., 2006; Kok, 2001) and to the confidence of the response (Busch, Fründ, & Herrmann, 
2010; Eimer & Mazza, 2005), providing further evidence for more effortful processing of 
identity changes relative to location changes. 
The present study also provided an opportunity to test for more subtle differences between 
multiple types of location changes. We, therefore, compared the side change, depth change, 
and disappearance conditions with each other. Results show that only the P3 component was 
modulated differently in these conditions. An effect was shown for side change and depth 
change compared to disappearance. While the P3 was centrally distributed for the side and 
depth change, in the disappearance condition it was more right lateralized. This implies that 
scenes in which an object has moved to another place are processed differently from a scene 
in which one of the objects has disappeared. Moreover, it indicates that despite being able 
to perform the task while only attending to the locations that were previously filled with an 
object, participants processed the whole scene.
Side change and depth change also differed in P3 effect size. Side change elicited a larger P3 
effect than depth change in the right posterior region. This may be due to a difference between 
categorical versus coordinate changes, which in the present study is arguably reflected in the 
side versus depth change. A recent study revealed that these differences modulate the P3 
amplitude (Van Asselen et al., 2008). Categorical changes, in which objects move into another 
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category, i.e. other side of the road, elicit larger P3 amplitudes compared to coordinate changes, 
in which objects move location, but remain in the same category, i.e. the same stretch of lawn. 
In a recent ERP study, a right hemispheric advantage was found for coordinate processing 
compared to categorical processing (Van der Ham, Van Strien, Oleksiak, Van Wezel, & 
Postma, 2010). Our study, however, did not reveal a right hemispheric distribution for the 
depth change condition compared to the side change condition. Previous research has shown 
that when locations can be verbalized, they will essentially be processed in the left hemisphere 
(Slotnick, Moo, Tesoro, & Hart, 2001). Although, participants did not overtly verbalize 
the scenes, we cannot exclude the possibility that participants in our study verbalized the 
locations of objects in both the side change and depth change conditions covertly diminishing 
chances of finding a right hemispheric distribution of the P3 effect. Alternatively, categorical 
processing may also have been present in the depth change condition because of the limited 
number of potential locations in our study.
When comparing identity change to the switch, we found an N3 effect of identity change 
compared to switch, similar to the N3 effect obtained in the identity change to match 
comparison. Moreover, we found larger P3 amplitudes for the switch compared to the identity 
change. These findings imply that two objects switching position is not merely processed as 
two object changes at two locations, but can be considered a functionally distinct category of 
change detection processing.
In sum, our results show that within complex environments, the time courses of detecting 
location changes, identity changes, and object switches differ from each other. Location 
changes are detected already within 250 ms after presentation of the second stimulus as shown 
by a modulation of a posteriorly distributed N2 component, followed by a P3 effect. Detection 
of identity changes occurs later, but within 400 ms and elicits an anterior N3 effect, followed 
by a delayed and reduced P3 effect. In contrast, object switches are detected around 500 ms as 
reflected in the modulation of the P3 only, resembling the P3 effect found in location changes. 
These differences in neural correlates of the detection of location changes and detection of 
identity changes is in line with results showing that these types of information are processed 
in different visual streams (Jackson et al., 2011; Mishkin & Ungerleider, 1982; Munk et al., 
2002; Pihlamajaki et al., 2005). The ERP time courses of the different contrasts suggest that 
location changes are easiest to detect followed by identity changes and finally object switches. 
This may be inherent to the processing of the complex scenes in our paradigm. If one is aware 
that possible changes always involve the objects in the scene, one will directly look at the two 
locations that previously contained an object. A location change can then be detected directly 
by seeing the object has disappeared, whereas for detecting an identity change, the object 
first needs to be processed further in terms of object representations. For the detection of an 
object switch, spatial and feature information first need to be combined, causing a delay in 
the detection of these changes. Alternatively, this finding may easily translate to ecologically 
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valid environments, where location changes of objects in the immediate environment (e.g. 
an object approaching) are detected before the object’s identity. However, in ecologically 
valid environments, the saliency of the objects may impact the timing and order of detection 
as well. For example, identity changes of larger or more brightly coloured objects may be 
detected faster, possibly even before location changes of other, less salient, objects.
To conclude, human beings are able to detect any changes in an object`s location, identity, 
and switches of objects extremely fast. Furthermore, location changes are detected even 
faster than identity changes. To appropriately act and function in our environment is crucial 
to human adaptation and survival. The fast processing of changes in our surroundings in 
general and the even faster awareness of changes in location are the first steps of a human 
neural mechanism that allows adjustment of behaviour. Being aware of changes in an object`s 
location might be even more important for accurate adaption of behaviour than changes of 
an objects identity. For example, fast detection and processing of the locations and changes in 
location of objects like vehicles are important in everyday life when crossing the street. This 
study is the first to cohesively show that the human neural system is fine-tuned to change 
detection and moreover differentiates between different types of changes in an environment.
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3.1 ABSTRACT
Fast detection and identification of objects in an environment is important for using objects 
as landmarks during navigation. While adults rapidly process objects within an environment 
and use landmarks during navigation, infants do not routinely use distal landmarks below 
the age of 18 months. In the current event-related potential (ERP) study we adopted an 
oddball paradigm to examine whether infants are capable of rapid processing of objects 
in environments, which is a prerequisite for using objects as landmarks. We measured the 
electrophysiological correlates and time courses related to the processing of changes in object 
location, object identity, and a switch of two objects. Twelve-month-old infants showed an Nc 
(negative central) effect reflecting increased attention likely caused by initial change detection 
within 300 ms for all three manipulations. In addition, they showed conscious processing 
of an object change and a location change as evidenced by a positive slow wave (PSW). This 
study is the first to show that infants are capable of rapidly detecting changes in objects when 
these are presented in an environment, but may lack rapid conscious detection of a switch. 
This finding implies that 12-month-olds may not yet completely fulfil the prerequisites for 
using objects as landmarks during navigation.
 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Infants’ object location and identity processing in spatial scenes: An ERP study
45
3
3.2 INTRODUCTION
The ability to recognize objects and link them to specific locations is crucial in everyday life, 
from remembering where you left your keys, to finding your way home based on unique 
objects in the environment. Adults have been shown to make use of distinct objects in the 
environment, referred to as landmarks, in navigation (for an overview, see Chan, Baumann, 
Bellgrove, & Mattingley, 2012). However, under the age of 18 months children do not routinely 
make use of distal landmarks to retrieve hidden objects (Balcomb, Newcombe, & Ferrara, 
2011; Newcombe, Huttenlocher, Drummey, & Wiley, 1998). This may be due to difficulties in 
individuating and identifying objects in an environment. 
A large body of literature has investigated the development of object individuation and 
identification in infants. Many studies have shown that infants are able to individuate objects 
based on location at an earlier age than based on identity (Krojgaard, 2007; Newcombe, 
Huttenlocher, & Learmonth, 1999; Oakes, Ross-Sheehy, & Luck, 2006; Tremoulet, Leslie, & 
Hall, 2000; Wilcox & Schweinle, 2002; Xu & Carey, 1996). However, Mareschal and Johnson 
(2003) showed that results can differ based on the type of stimuli used. By the age of 9 months, 
infants are able to individuate objects both on the basis of their location as well as on the basis 
of their identity (Kaldy & Leslie, 2003; Oakes et al., 2006; Wilcox & Schweinle, 2002). These 
processes appear to recruit different brain regions, with location being processed in the dorsal 
stream and identity being processed in the ventral stream (Ungerleider & Mishkin, 1982). 
To detect a switch of two objects, information processed in the dorsal stream needs to be 
integrated with information processed in the ventral stream. This feature-location binding in 
working memory is thought to depend on the hippocampus (Kaldy & Sigala, 2004; Postma, 
Kessels, & van Asselen, 2008).
Research has shown that under certain conditions, young infants are already capable of 
binding feature and location information. For instance, Oakes et al. found that 7-month-
old, but not 6-month-old infants were able to individuate an object based on its colour and 
its specific location (Oakes, Messenger, Ross-Sheehy, & Luck, 2009; Oakes et al., 2006). In 
these studies, infants were presented with three differently coloured rectangles on a screen. 
Between presentations, the coloured rectangles either switched location or remained in the 
same location. The 7-month-old infants looked longer at the changing stream of stimuli 
as compared to the non-changing stream, indicating that they noticed an object changing 
location. However, in this study the colour change detection of these simple objects was also 
possible when the infants attended to one location only, and therefore, did not detect objects 
switching locations, but just an object change in one of the locations. Similarly, Kaldy and 
Leslie (2003) showed that 9-month-old infants can bind objects (but not colour) to locations. 
Infants were presented with a red triangle and a blue disk for 4 seconds, after which they were 
hidden behind two screens, one on each side of the stage. Four seconds after the second object 
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was hidden, both objects were revealed by removing the screen. The objects either remained the 
same or switched shapes. Infants looked longer when objects had changed shape as compared 
to when they did not change. However, in this study as well, a dissociation between noticing 
a different shape appear at a given location and noticing a location switch of the two objects 
could not be made. Thus, in both abovementioned studies, successful change detection could 
be attained by just noticing a feature change in one location instead of detecting a switch in 
location of the objects. Therefore, Kaldy and Leslie (2003) conducted a second experiment in 
which instead of both objects only the first hidden object was revealed after both objects were 
hidden. In this study, infants were shown to be capable of keeping two objects in memory. 
However, this experiment only included a shape change and no location switch. Building 
on these findings, in the present study we aimed to dissociate a change in the identity of an 
object from a switch of two objects by changing either the identity of only one of the two 
presented objects, or switching the locations of the two objects. Moreover, as compared to 
Kaldy and Leslie, we focused on more rapid processing of object-location changes. While 
in their study, infants looked at outcomes for more than 8 seconds, measuring EEG allowed 
for fast presentation of the stimuli and investigation of the time course of processing object-
location changes.
In the current study, we investigated 11-12-month-old infants’ ability to detect changes 
in object location, object identity, and a switch of two objects within an environment. 
Measuring electroencephalograms (EEG) enabled us to investigate the time course and 
electrophysiological correlates related to the detection of these three types of object changes 
and the potential functional differences between the processing of a location change, an object 
change, and a switch.
Previous ERP research on visual perception in infants has primarily focused on face 
processing (De Haan & Nelson, 1997, 1999; Key, Stone, & Williams, 2009; Parise, Handl, & 
Striano, 2010; Peltola, Leppanen, Maki, & Hietanen, 2009), although some studies have also 
investigated object processing (Bauer, Wiebe, Carver, Waters, & Nelson, 2003; De Haan & 
Nelson, 1999). Most of these studies made use of an oddball paradigm, and reported a larger 
fronto-central negativity starting around 400 to 600 ms for the oddball stimuli compared 
to the standard stimuli in children from 4 weeks to 30 months old (Ackles & Cook, 2007; 
Goldman, Shapiro, & Nelson, 2004; Izard, Deheane-Lambertz, & Deheane, 2008; Karrer & 
Monti, 1995; Reynolds & Richards, 2005). This negative shift is labelled the Nc (negative 
central) effect. Two interpretations of the effect are prominent in the literature. On the one 
hand, many researchers interpret the Nc effect as reflecting a difference in general attentional 
response (Ackles, 2008; Richards, 2003; Richards, Reynolds, & Courage, 2010). On the other 
hand, researchers interpret the effect as reflecting conscious change detection (De Haan & 
Nelson, 1997, 1999; see De Haan, 2007 for an overview). The Nc component has not only been 
found in oddball paradigms, but also in paradigms in which familiar and unfamiliar toys were 
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presented with equal frequency (De Haan & Nelson, 1997, 1999). Moreover, while the polarity 
of the Nc effect (deviant minus standard) is often found to be negative, some researchers have 
also found positive Nc effects (De Haan & Nelson, 1997, 1999; Stets & Reid, 2011). In several 
infant studies, the Nc is followed by a positive slow wave (PSW) (Nelson, Thomas, De Haan, 
& Wewerka, 1998; Richards, 2003), which is interpreted in the infant literature as reflecting 
conscious updating of memory representations of partially encoded stimuli (Hoehl, Wahl, 
Michel, & Striano, 2012; Nelson & Collins, 1992). This means that the representations of 
new stimuli are strengthened to arrive at a better memory representation. Thus, these studies 
support the behavioural findings that infants can detect changes in object identity already 
from at least 9 months of age. However, to date, little is known about the time course of 
processing object location or the binding of object location and identity in infants. Given the 
significance of wayfinding in our daily life, information about changes in the environment 
should be detected rapidly to guide ongoing behaviour. ERPs are well-suited to investigate 
the temporal characteristics of processes involved in object change detection. In the current 
ERP study we investigated the time course of several types of object related changes within 
an environment. Using an oddball paradigm we presented a standard stimulus in 70% of the 
trials, and the three oddball stimuli in 10% of the trials each, while measuring the infant’s 
EEG. The oddball stimuli reflected a change in object location (location change), a change in 
object identity (object change), or a switch in position of two objects (switch) (Figure 3.1A).
Previous ERP research investigating object processing in an environment in adults 
revealed different ERP responses to a change in object location as compared to a change 
in object identity (see Chapter 2). In a delayed match-to-sample task, a location change of 
an object was detected earlier than a change in object identity. Moreover, a location change 
elicited a posterior N2 and a central P3 response, whereas a change in object identity elicited 
an anterior N3 response. Additionally, a switch of two objects was detected even later and 
only elicited a P3 response. These results support the theory that different neural generators 
underlie the detection of these changes (e.g. Ungerleider & Mishkin, 1982). 
In the present study, our first objective was to investigate whether infants are capable 
of fast detection of a location change, an object change, and a switch of two objects in a 
visual scene. Secondly, we were interested in the ERP signatures related to these changes. 
Based on earlier findings in infant ERP studies, we expected the object change to elicit an 
Nc effect (Ackles & Cook, 2007; Goldman et al., 2004; Izard et al., 2008; Karrer & Monti, 
1995; Reynolds & Richards, 2005). For the location change and switch, we expected either 
the same Nc component reflecting increased attention and general change detection, or 
different components following results obtained in adults (see Chapter 2). In addition, we 
hypothesized that the Nc effect would be followed by a PSW effect in either some or all of the 
oddball conditions, reflecting the updating of the memory representations of the objects in 
the scene (Hoehl et al., 2012; Nelson & Collins, 1992).
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3.3 METHOD
3.3.1 Participants
In total, 39 healthy 11- to 12-month-old infants participated in the study. All infants were 
born full-term (between 38 and 42 weeks of gestation). Twenty-two infants were excluded 
from the sample, because of unwillingness to wear the EEG cap, or contributing too few 
artifact-free trials due to fussiness or excessive movement. The final sample consisted of 17 
infants (9 girls, 8 boys) with a mean age of 358 days (sd = 5.75). Parents gave their informed 
consent before the start of the study and were told that participation could be terminated at 
any time. This study was approved by the local ethics committee (Commissie Mensgebonden 
Onderzoek Arnhem-Nijmegen, The Netherlands).
3.3.2 Stimuli
The stimuli consisted of four computer-generated environments created with Blender 
(www.blender.org), consisting of a park, beach, square, or a snow landscape. Each of these 
environments contained two moveable toy objects, next to one stable object in the middle 
of the scene and a path leading to this object (see Figure 3.1A). For each environment, four 
different scenes were created. One of these scenes functioned as the standard stimulus, with 
the three oddball scenes differing from this standard across three conditions. In the object 
change condition, one of the toy objects in the scene was replaced by another toy object. In the 
location change condition, one of the toy objects changed position. In the switch condition, 
the two toy objects switched positions (see Fig S1 for all stimuli). The position of the toy 
objects in the different conditions was counterbalanced across environments.
3.3.3 Procedure
Infants were seated in a car seat in a sound-attenuated booth of 2 by 2 meters. They were 
placed 60 to 70 cm from the computer monitor and one of the parents was seated behind 
the child. Parents were asked to sit quietly and not interact with their child unless the child 
got upset. The experiment consisted of eight blocks of 50 trials. Each block started with a 
familiarization phase in which the infants were familiarized with the three objects that would 
appear in the block. For each object, a short movie of 10 seconds was shown in which the 
object was presented on a white background and moved and rotated to enable the infant 
to perceive the 3-dimensionality of the object. The three videos were presented in random 
order. If the infant did not attend to the screen during the presentation of the video, the 
video of this particular object was shown again. After the familiarization phase, the test trials 
were presented. An oddball paradigm was used in which the standard scene was presented 
in 70% of the trials, a location change in 10% of the trials, an object change in 10% of the 
trials, and two objects switching location in 10% of the trials. The stimuli were presented for 
1000 ms, followed by a black screen with a random duration of 500 – 1000 ms (Figure 3.1B). 
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The stimuli were pseudo randomized such that the block always started with at least three 
standard stimuli and an odd stimulus was always preceded by at least two standard stimuli. 
When the infant looked away from the screen, one of 10 attention grabber movies was played. 
These attention grabbers were short movies with sound to attract the attention of the infant 
back to the screen. After the attention grabber the presentation of trials continued, starting 
with three standard stimuli. The order of presentation of blocks was counterbalanced across 
subjects. The experiment ended after eight blocks, but was terminated earlier if the infants 
showed signs of fussiness. The experimental session was video-recorded and coded offline to 
exclude trials in which the infant did not attend to the screen. 
A: experimental conditions
standard object change
location change switch
B: time course of trials
1000 ms
500 - 1000 ms
1000 ms
500 - 1000 ms
1000 ms
Figure 3.1 Experimental setup. (A) Exemplars for all conditions within an environment. (B) Time 
course of the trials in the experiment
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3.3.4 EEG recordings and analysis
EEG data were recorded with a 32-electrode actiCAP (Brain Products GmbH) referenced to 
FCz. Signals were passed through a BrainAmp DC amplifier (Brain Products GmbH) and 
were recorded on-line with a sampling rate of 500 Hz. Measured activity was filtered on-line 
using a 200 Hz low-pass filter, and a time constant of 10 sec. Impedance was kept below 20 
KΩ, which is a standard setting in active electrode recording (Junge, Cutler, & Hagoort, 2012; 
Kimura, Widmann, & Schroger, 2010; van Elk, Bousardt, Bekkering, & van Schie, 2012). After 
recording, EEG signals were imported into the Matlab-based Fieldtrip toolbox (Oostenveld, 
Fries, Maris, & Schoffelen, 2011). Signals were first detrended and then filtered with a 
0.5 to 30 Hz band-pass filter and re-referenced to the mean of the left and right mastoids 
(Ackles & Cook, 2007; Karrer & Monti, 1995; Richards, 2003; for a review see Hoehl & Wahl, 
2012). However, due to noisy data on one of the mastoids, for four infants the signal was re-
referenced to the right mastoid only, and for two other infants the signal was re-referenced 
to the left mastoid only. Based on the videos, parts of the data in which the infant did not 
attend to the computer screen were removed. EEG data were segmented per condition from 
200 ms before to 1500 ms after the onset of the stimulus. Segments were baseline corrected by 
subtracting the mean amplitude in the -100 to 0 ms pre-stimulus interval. Next, the segments 
were manually screened for artifacts at all sensors except for those in the outer ring of the cap. 
Segments were removed when the signal of more than two electrodes exceeded the values 
of -150 μV and 150 μV, when the signal jumped more than 75 μV within 5 ms, and when 
the range of the signal was larger than 75 μV in the baseline period. Whenever a channel 
deviated substantially from the other channels in more than 8 trials while the signal in other 
channels did not contain artifacts in these trials, this channel was marked as a bad channel. 
Bad channels were reconstructed based on a linear combination of surrounding channels on 
the raw data (bad channels were never neighbouring channels). After channel reconstruction, 
segmentation and following steps were repeated on the complete dataset. Averages were based 
on artifact free trials. In the standard condition, a mean of 110 trials per subject were included. 
In the location change condition 12.06 (sd 3.77) trials were included, in the object change 
condition 12.35 (sd 3.76) were included and in the switch condition 12.88 (sd 3.76) trials were 
included, which was sufficient for computing a reliable ERP, assessed by the visual evoked 
potential on the occipital Oz electrode (see Figure S2). Based on previous research, the Nc was 
analysed in the 300-700 ms time window in a fronto-central region of interest. Based on visual 
inspection, a later time window showing a PSW from 700 to 1200 ms was analysed using the 
same region of interest. Data were analysed with repeated measures ANOVAs on the mean 
amplitude values with the within-subject factors Condition (standard, location change, object 
change, switch) and Electrode (Fz, FC1, FCz, FC2, Cz). Greenhouse-Geisser correction for 
nonsphericity (Greenhouse & Geisser, 1959) was applied whenever appropriate. Corrected p 
values are reported along with original degrees of freedom.
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3.4 RESULTS
Figure 3.2A shows the waveforms at the 5 fronto-central electrodes included in the analyses 
and Figure 3.2B shows the topographical distribution of ERP effects across the scalp. A 
fronto-central negativity (Nc component) was elicited in all conditions between 300 and 700 
ms, which was larger in the standard condition than in the other conditions.
FC1 
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object change
location change
switch
A B
Fz 
FC2
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standard
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Figure 3.2. ERP data. (A) Grand average waveforms at the five fronto-central electrodes for all 
conditions. (B) Scalp distributions of ERP effects (change minus standard) in the 300-700 ms and 700-
1200 ms time window 
The waveforms in the oddball conditions included approximately 12 trials, and the 
waveforms in the standard condition contained 110 trials. The reason for including all trials in 
the standard condition was to establish a solid baseline with maximized signal-to-noise ratio 
to compare the oddballs to. To show that the size of the Nc component was not affected by the 
difference in number of trials included in the averages, Figure S3 shows the standard including 
all trials as compared to the standard including approximately 12 trials, an amount equal to 
what was used the oddball conditions. An ANOVA in the 300-700 ms time window with the 
factors Condition and Electrode confirmed the finding of the Nc effect. The results showed 
a main effect of Condition, F (3, 48) = 4.41, p = .008, an effect of Electrode, F (4, 64) = 6.95, 
p < .001, and no interactions, F (12, 192) = 1.05, p = .390. Location change, object change, and 
switch all elicited a smaller negativity than the standard, resulting in a positive effect relative 
to the standard in this time window (Figure 3.2B). A priori contrasts revealed that this effect 
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was significant in all conditions: location change versus standard, F (1, 16) = 9.77, p = .007, 
object change versus standard, F (1, 16) = 12.76, p = .003, and switch versus standard, F (1, 16) 
= 17.75, p = .001. In the 700-1200 ms time window, a PSW was elicited in the object change 
condition and location change condition, while the switch condition did not deviate from the 
standard in this latency window. The ANOVA revealed no significant effects of Condition and 
Electrode, and no interaction, all Fs < 1.44, n.s. However, a priori contrasts showed that the 
object change and location change differed significantly from the standard, F (1, 16) = 4.92, 
p = .041, F (1, 16) = 4.55, p = .049 respectively, whereas the switch did not, F (1,16) <1, n.s. 
Although visual inspection of the waveforms may suggest that the switch deviates from the 
standard in a later time window, this effect was not significant.
3.5 DISCUSSION
The present study was designed to investigate the ability of 11- to 12-month-old infants 
to quickly detect object-location changes in a visual scene. EEG was measured during the 
presentation of an oddball paradigm with a standard stimulus, a stimulus with a location 
change, a stimulus with an object change, and a stimulus with a switch of two objects to 
investigate the time course and ERP components related to the processing of these changes. 
Results show an Nc effect between 300 and 700 ms in all oddball conditions, reflecting either 
increased attention or conscious change detection (see De Haan, 2007 for an overview). 
Therefore, the Nc effect in all three deviant conditions reveals that the infant brain is capable 
of detecting a change causing increased attention within this brief time frame. This is crucial 
evidence that the brain processes are in place for infants to notice a change in the objects’ 
configuration. However, the early detection of these changes may not be conscious and may 
not include knowledge on what specific change has taken place.
With regard to the observed Nc effect, the effect was the result of a smaller Nc in the 
oddball conditions as compared to the standard condition. In most infant ERP studies the 
Nc effect is reversed, showing a larger Nc in oddball conditions as compared to the standard 
condition (Ackles, 2008; Ackles & Cook, 2007; Reynolds & Richards, 2005; Webb, Long, & 
Nelson, 2005). However, in line with our results, de Haan and Nelson (1997, 1999) also report 
conditions with larger Nc’s for familiar objects and faces than for unfamiliar objects and faces. 
One could argue that our result was due to the difference in number of trials included in the 
standard versus oddball stimuli, since we maximized the signal-to-noise-ratio in the standard 
condition by including more trials in the EEG average (with a mean of 110 trials vs 11-13 
trials). Figure S3 clearly shows that the size (and polarity) of the Nc effect was not affected by 
the inclusion of more trials in the standard condition with respect to the deviant conditions. 
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In addition to the Nc effect for all manipulations, a subsequent PSW effect was found in 
the object change and location change conditions as compared to the standard condition. 
The effect was not found in the switch condition. This result suggests that in the latency 
range of 700 to 1200 ms after the onset of the stimulus, a change in location and a change 
in identity are consciously processed as being different from the standard stimulus causing 
updating of the memory representation for the new stimulus, whereas no evidence was found 
for conscious processing in the switch condition. Moreover, it suggests that the objects in 
the scene are processed as separate objects in specific locations. The PSW effect differed for 
the object change and location change as compared to the switch, while the Nc indicated 
a similar initial response to the object change, location change, and switch. If the stimuli 
would have been processed as complete pictures, the similar levels of attention during the 
Nc period would likely have led to a similar PSW in all oddball conditions. However, the 
PSW was only present when either a new object was placed into the scene, or a new location 
was occupied indicating that infants process the objects in the scene as separate objects. The 
ability of infants to process objects on a computer screen as separate objects opens up the 
possibility to use computerized environments for studying more complex use of objects, for 
example landmark use, in infants.
The elicitation of an identical Nc component in all oddball conditions and a similar PSW 
in the location change and identity change conditions differs from findings in research on 
adult object processing showing different ERP effects for location change, object change, and 
switch (see Chapter 2). The differently distributed N2 and N3 effects for location change versus 
identity change in adults suggest that location and identity of objects are processed in distinct 
brain regions. This finding is in line with the theory of Ungerleider and Mishkin (1982) on 
the segregation of the dorsal and ventral stream. Many studies have provided evidence for a 
structural or functional segregation (Duhamel, Bremmer, BenHamed, & Graf, 1997; Haxby 
et al., 1994; Jackson, Morgan, Shapiro, Mohr, & Linden, 2011; Munk et al., 2002; Pihlajamaki 
et al., 2005; Tanaka, Saito, Fukada, & Moriya, 1991; Ungerleider & Haxby, 1994), while some 
contradictory evidence has also been found (Cichy, Chen, & Haynes, 2011; Jellema, Maassen, 
& Perrett, 2004; Op de Beeck & Vogels, 2000; Sereno & Maunsell, 1998). The dorsal/ventral 
distinction has been a key element in theories on object processing in infancy (Leslie, Xu, 
Tremoulet, & Scholl, 1998; Mareschal, Plunkett, & Harris, 1999; Schlesinger, 2006) and both 
streams have been shown to be developed already in 5- to 7-month-old infants (Wilcox, 
Haslup, & Boas, 2010). Our results reveal similarly distributed Nc effects in response to all 
manipulations and similar PSW effects to both object and location change, which may imply 
immaturely developed visual pathways in the infant brain, contradicting the theories on 
infants’ object processing. However, whereas in adults different scalp distributions suggest the 
involvement of different underlying neural generators, a similar distribution for all conditions 
in infants does not necessarily imply a contribution of identical neural generators. In general, 
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sources of EEG signals are difficult to localize because of the inverse problem and difficulties 
in estimating the conductivity of the skull (Wang & Ren, 2013). Moreover, in infants, source 
localisation is even more difficult. The Nc was most prominent at the fronto-central sensors, 
which coincides with the location of the anterior fontanel. The fontanel is known to produce 
inhomogeneity in skull conductivity in infants, which causes EEG signals to be distorted 
(Flemming et al., 2005; Reynolds & Richards, 2009; Roche-Labarbe et al., 2008). Since the 
fronto-central sensors cover the part at which the skull is not closed yet, it is likely that the 
activity is strongest at this location, regardless of where the signal was generated. Therefore, 
we cannot make any claims on the underlying neural generators in infants.
Our finding that object location and object identity, but not a switch of two objects is 
consciously detected is in line with previous research showing that changes in object location 
and in object identity are detected early in life (Oakes et al., 2006; Kaldy & Leslie, 2003; 
2005; Wilcox & Schweinle, 2002). The lack of conscious detection of the switch could be 
due to the maturation of the brain mechanisms involved in binding object location to object 
identity. In adults, fMRI studies have shown that feature-location binding is dependent on the 
hippocampus (Hannula & Ranganath, 2008; Piekema, Kessels, Mars, Petersson, & Fernandez, 
2006). However, the hippocampus is a structure subject to protracted development throughout 
childhood (Gogtay et al., 2006; Lavenex & Banta Lavenex, 2013). Our finding that object 
location and object identity, but not a switch of two objects is consciously detected could be due 
to the immaturity of the hippocampus. The evidence for feature-location binding in looking 
time studies (Kaldy & Leslie, 2003; Oakes et al., 2009; Oakes et al., 2006) is not necessarily in 
contrast with our results and with the protracted development of the hippocampus. First of 
all, if infants looked at just one object in those studies, the switch conditions are similar to 
our object change condition for which conscious processing was indeed shown. Moreover, 
like the Nc effect found in our study, looking times could reflect increased attention based on 
the (unconscious) notion that a change has occurred without having a conscious memory for 
what aspect of the scene has changed (as reflected in the PSW). Next to that, it is also possible 
that change detection in these paradigms was conscious and 12-month-olds are indeed able 
to detect a switch, but not when it is embedded in an environment and presented rapidly. 
Therefore, the inability of the 11-to 12-month-old infants to detect a switch in position of 
two objects in our study may be the result of an immature hippocampus, but more research is 
needed to clarify the development of the hippocampus and its role in object-location binding 
in infants.
To conclude, our study is the first to cohesively show that 12-month-old infants are capable 
of rapidly processing changes in objects and changes in location when objects are presented 
in a contextually rich environment. The use of EEG enabled us to demonstrate that they show 
increased attention based on initial change detection amazingly fast, already within 300 ms. 
In addition, we have shown that they process object changes and location changes further, 
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most likely to consciously strengthen their memory representations. Moreover, our results 
show that 12-month-old infants do not yet show fully developed object processing or scene 
memory, since they do not show conscious processing of two objects switching positions 
which requires object-location binding. While infants have been shown to be able to bind 
object and location in other studies (Kaldy & Leslie, 2003; Oakes et al., 2009; Oakes et al., 
2006), it seems that they are not yet fully capable of quickly recognizing and remembering 
objects in a specific location. The ability to quickly bind an object to a certain location is a 
prerequisite for using landmarks during navigation. Therefore, young infants’ incapability to 
successfully use landmarks (Balcomb et al., 2011; Newcombe et al., 1998) may be the result 
of an inability to process objects in an environment. Alternatively, the delay in landmark use 
as compared to object recognition could be caused by the infants’ inability to retain object 
information in memory over time (Richmond & Nelson, 2007). Computerized environments 
can be used to investigate whether the prolonged development of memory for objects causes 
the delay between the detection of object changes and the use of landmarks in navigation or 
whether this delay is related to the later onset of fast detection of binding objects to specific 
locations within an environment.
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SUPPLEMENTAL MATERIALS
standard location change object change switch
park
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square
Supplemental Figure 1: Complete stimulus set in each environment
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Supplemental Figure 2: Grand average waveform at Oz for all conditions after onset of stimulus, 
showing onset and offset visual evoked potentials
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Supplemental Figure 3: Grand average waveforms at the five fronto-central electrodes for the 
presentation of the standard stimulus showing highly similar amplitudes when different numbers of 
trials are included in the waveform. The blue line represents the standard as used in the analysis. The 
red line represents the mean of all standards that were directly followed by an odd stimulus. The green 
line includes every third presentation of a standard followed by an odd stimulus, to match the number 
of trials in the odd conditions.
CHAPTER 4
Toddlers’ cue use in navigation
A.H. van Hoogmoed, D. Van den Brink, & G. Janzen. 
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4.1 ABSTRACT
Whereas the development of reorientation skills has been studied widely, research on the 
development of navigation skills is largely lacking. While landmarks play an important role 
in both reorientation and navigation, they may serve different functions. In the current study, 
we investigated young children’s abilities to use landmarks, beacons, and path integration 
while searching for an object hidden in a cross-maze. The results show that 2.5- and 3.5-year-
old children can make use of beacons and path integration to guide their navigation, even 
though the latter is still developing within this age range. Evidence for spontaneous use of 
landmarks was observed only in a subgroup of the 3.5-year-olds. These results indicate that 
the use of landmarks for navigational purposes only starts to develop around 3.5 years of age. 
The findings suggest that landmark use for navigation develops at a later age as compared to 
landmark use for reorientation. This may be due to the different functions they serve, acting 
as orientation cues in reorientation versus associative cues in navigation.
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Toddlers’ cue use in navigation
61
4
4.2 INTRODUCTION 
The development of spatial cue use in children has been studied widely. Several types of cue 
use have been shown at very young ages with path integration and beacon use starting to 
develop already before the age of 1 year (Acredolo & Evans, 1980; Crowther, Lew, & Whitaker, 
2000; Landau & Spelke, 1988; Lew, Bremner, & Lefkovitch, 2000; Schmuckler & Jewel, 2007; 
Schmuckler & Tsang-Tong, 2000). Landmark use has been shown to develop early as well, 
starting around 18 to 24 months of age (Learmonth, Nadel, & Newcombe, 2002; Learmonth, 
Newcombe, & Huttenlocher, 2001; Learmonth, Newcombe, Sheridan, & Jones, 2008). However, 
evidence for cue use at these young ages stems from paradigms focusing on reorientation. 
While reorientation is the re-establishment of one’s position and heading direction within an 
overseeable environment, navigation encompasses traveling a route that cannot be surveyed 
from one vantage point. Therefore, spatial cue use for navigational purposes may develop 
differently as compared to cue use for reorientation. In the current study, we examined the 
development of path integration, beacon use, and landmark use during navigation in 2.5- and 
3.5-year-olds.
Beacons are objects that directly mark a goal location. Beacon use starts to develop around 
6 to 9 months of age (Acredolo & Evans, 1980; Crowther et al., 2000; Lew et al., 2000). At this 
age, the use of beacons is still limited to situations in which infants remain oriented. When 
children are disoriented, beacon use was shown in 18-to-24-month-olds (Lourenco, Addy, 
Huttenlocher, & Fabian, 2011; Smith et al., 2008). However, the age at which beacons are 
successfully used has been shown to depend on the environment. For example, Smith et al. 
studied beacon use in an open parkland in 3-to-7-year-olds and showed that children in this 
age range use beacons when the target locations are sufficiently far apart from each other. 
When target locations are relatively close together, performance was worse and older children 
used beacons more successfully than younger children. 
Next to beacon use, path integration also starts to develop at a young age. Path integration 
is the updating of one’s position and orientation within the environment based on self-
movement. Research has shown that path integration is already present at 6 to 12 months of 
age, however only in its most rudimentary forms (Acredolo & Evans, 1980; Landau & Spelke, 
1988; Schmuckler & Tsang-Tong, 2000). In more difficult paradigms, path integration still 
develops in toddlers, up until 3 or 4 years of age (Bremner, Knowles, & Andreasen, 1994; 
Rider & Rieser, 1988). 
Landmarks are objects that are helpful in order to find a goal location without directly 
marking this location (i.e. by their relation to the goal location). Landmark use starts to 
develop between 9 and 16 months of age if children remain oriented and can thus combine 
it with path integration (Acredolo, 1978, 1979; Acredolo & Evans, 1980). However, when 
disoriented, landmarks are not used until around 18 to 24 months of age and landmark use 
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continues to mature at least until the age of 6 years (Hermer-Vazquez, Moffet, & Munkholm, 
2001; Hupbach & Nadel, 2005; Learmonth et al., 2002; Learmonth et al., 2001; Learmonth et 
al., 2008). The wide age range found in these studies using a classical reorientation paradigm 
(Hermer & Spelke, 1994) can partly be attributed to factors such as the size of the testing 
room, and the distance between the landmark and the child (Learmonth et al., 2008). In 
larger environments, landmarks are at greater distances and thus more stable and more useful 
for reorientation. In this situation, landmarks are used for reorientation purposes already by 
2-year-old children. In smaller enclosures where landmarks are more proximal, 2-to-4-year-
old children do not use landmarks in the presence of geometric cues (Hermer-Vazquez et al., 
2001; Learmonth et al., 2002; Learmonth et al., 2008). However, in a square room in which 
geometry is not helpful, 18- to 24-month-olds have been shown to already use landmarks, 
even in a small enclosure (Nardini, Atkinson, & Burgess, 2008). Together, these studies 
suggest that there is a large age range between 6 months and 6 years in which spatial cue use 
for reorientation purposes develops with beacon use and path integration developing earlier 
as compared to landmark use.
The development of spatial cue use for navigation likely differs from reorientation. For 
example, in navigation, one can less likely rely on the geometry of an enclosure since the 
whole route that has to be navigated is impossible to survey from the starting point of the 
route. Moreover, landmarks need to be associated with a specific turn / direction to take. 
Several studies have investigated the development of navigational abilities in mazes in 6-to-
12-year-olds (Cornell, Heth, & Broda, 1989; Jansen-Osmann & Fuchs, 2006; Jansen-Osmann 
& Wiedenbauer, 2004) and found that while 6-year-olds do use landmarks during navigation, 
their ability to do so improves until 12 years of age. However, research focusing on spatial cue 
use for navigational purposes in younger children is lacking.
In the current study, we aimed to examine spatial cue use for navigational purposes 
in children aged 2.5 and 3.5 years. This age group was chosen because landmark use was 
assumed to be more difficult for navigational purposes as compared to reorientation, where 
landmark use starts around two years of age. Moreover, path integration and beacon use still 
develop in this age range. In this study, participants had to navigate to a previously visited 
location in a cross-maze. The use of path integration, beacons, and landmarks was assessed. In 
line with results in reorientation research, we expected that beacon use and path integration 
would be present at a younger age as compared to landmark use. For both path integration 
and landmark use we expected a somewhat later onset for navigation as compared to what 
was previously found for reorientation, since the environment is not completely visible from 
every location in the maze.
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4.3 METHOD
4.3.1 Participants
In total, 35 children participated in this study. A group of 30-month-olds (mean 30.3 months, 
sd 4 days) consisted of 16 children (8 boys, 8 girls). The group of 42-month-olds (mean 
42.2 months, sd 7 days) consisted of 19 children (8 boys, 11 girls). Children were recruited 
from local birth records. Five additional 30-month-olds and seven 42-month-olds were 
excluded due to unwillingness to perform the task. One 30-month-old child was excluded 
due to experimenter error, and one 42-month-old child because of equipment failure. Written 
informed consent was obtained from the parents prior to the start of the study. 
4.3.2 Materials
The navigation task was conducted in a cross maze which was built in a party tent sized 3 by 
3 meters covered with a blue curtain all around (see Figure 4.1). The cross maze was made of 
hardboard and placed diagonally within the tent. The arms of the maze were 82 cm wide and 
ended in the corners of the tent. The walls of the maze were 1.20 meters high. This prevented 
the children from seeing what was outside the maze. In one corner of the tent, a part of the 
wall could be opened to let the children in and out of the maze. The opening was invisible 
from the inside. In each corner of the tent, identical lamps were attached to the ceiling to 
ensure equal lighting in each arm. In the center of the maze, a (symmetrical) camera was 
attached to the ceiling for recording purposes. A 30x30x30 cm sized white box was placed 
at the end of each arm. On one of the corners at the crossing in the maze, a landmark was 
attached to the wall consisting of a red triangle with a picture of a cat’s face. This landmark 
could be removed from the maze.
4.3.3 Procedure
To familiarize the children with the setting, they first played in the play area with toys that 
would later be used in the test. During that time, the procedure was explained to the parents. 
After the child got acquainted with the researcher, the researcher asked the child (and one 
parent) to enter the maze. The four boxes and the landmark were once pointed out to the 
child. While the researcher and the child were playing in the maze, the second researcher 
closed the maze and arranged the curtain such that the child could not see where the entrance 
was. The second researcher took the parent(s) to a room next to the testing room where they 
could see the experiment via a video connection1.
 
1 One of the 30-month-olds and one of the 42-month-olds did not want to perform the task without the parent being 
present. These children were accompanied by a parent during the task. We made sure the parents moved around with 
the child during the experiment to make sure that they did not function as a landmark
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entrance
landmark
lights
camera on ceiling
box
table with materials
(out of sight for children)
play area
3 m
3 m
0.8
2 m
1.56 m
Figure 4.1 Testing room with experimental setup.
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First the child was encouraged to look in all the boxes to ensure that these were all empty. The 
experiment consisted of 5 trials for the 30-month-olds and 6 trials for the 42-month-olds, 
always presented in the same order. First, the Landmark, No Rotation (LM-noROT) trial 
was administered. The child and the researcher hid a toy in one of the boxes. After closing 
the lid, the experimenter turned the child and led the child into another arm of the maze. 
After a turn to face the crossing, the child was encouraged to search for the toy, with the 
researcher following the child. The second trial was the Landmark, Rotation (LM-ROT) trial. 
In this trial, after hiding the toy, the researcher and the child walked to the center of the 
maze. The child was asked to close his or her eyes. If he or she did not want to close the eyes 
himself, the researcher would cover the eyes or maintain eye contact to prevent the child 
from looking around. Then the child and the researcher turned around together for about 3 
rounds (mean number of turns 2.99 – 3.41 per condition). After turning, the researcher led 
the child into one of the arms after which she told the child to open his or her eyes again, 
after which the child was allowed to search again. After this trial, the landmark was taken 
away from the maze. The landmark trials always appeared before the no landmark trials, 
to ensure perceived stability of the landmark during the landmark trials. Next, the first two 
trials were repeated, resulting in the No Landmark, No Rotation trial (noLM-noROT) and 
the No Landmark, Rotation trial (noLM-ROT), with the latter condition measuring whether 
children were sufficiently disoriented. The fifth trial was a beacon trial. This trial was identical 
to the noLM-ROT condition, except that after hiding the toy a picture of a pig was placed on 
top of the hiding box. After this trial, the experiment ended for the 30-month-olds. For the 
42-month-olds, the landmark was put back in its original position for the last Landmark Cued 
(LM-cued) trial. The child’s attention was directed towards the landmark (the picture of the 
cat’s face). The child was instructed to pay attention to the cat, and specifically that knowing 
where the cat was could help them find the toy. After this instruction, the procedure of the 
trial was the same as in the LM-ROT condition. The LM-cued trial was not administered 
in the 30-month-olds, because of their short attention span and difficulty in keeping them 
motivated in the first five trials. After each trial, the child was rewarded verbally and could 
play with the toy for a while. After the experiment, the children and their parents were offered 
to choose between a book and 10 Euros as a reward for participation. 
4.3.4 Data coding and analyses
The LM-noROT and noLM-noROT conditions measured the use of path integration, the 
LM-ROT condition measured landmark use, the noLM-ROT condition measured successful 
disorientation, the beacon condition measured beacon use, and the LM-cued condition 
measured landmark use after instruction. Each condition consisted of one trial. Data were 
videotaped for coding purposes. A trial was scored as successful if the first box opened by the 
child contained the toy. If the first opened box did not contain the toy, a failure was scored. 
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A missing value was scored if the child refused to search or if the trial was not offered to 
the child (due to child’s unwillingness to continue the task). The videos were all scored by 
the experimenter and a second rater. The mean inter-rater reliability was high, Cohen’s κ = 
.965. One-sided binomial tests were carried out per condition separately for both age groups 
to test whether performance was above chance level. The proportion of success was tested 
against 0.33 chance level. Four boxes were present in the maze, but one of the boxes was in the 
arm which was used as starting position for retrieval. The toy was never hidden in this arm 
and a search in this arm was not coded. We observed that some children did not adhere to 
the task instruction, but searched all boxes randomly. It could not be deduced whether they 
were unable or unwilling to perform the task. Since the children, especially the 42-month-
olds, should be able to perform well in the beacon trial, additional analyses were carried out 
including only those children who performed correctly in the beacon trial. These children 
were assumed to be motivated to find the toy. In total, 9 binomial tests were carried out for 
the 30-month-olds, whereas 11 binomial tests were carried out for the 42-month-olds. To 
correct for the increase in Type I error, the Benjamini-Hochberg False Discovery Rate (FDR) 
correction was applied within both groups (Benjamini & Hochberg, 1995).
4.4 RESULTS
Results of the binomial tests are reported in Table 4.1. These results show that 42-month-olds 
performed above chance in both conditions in which they were not rotated (LM-noROT and 
noLM-noROT). The 30-month-olds performed above chance in the noLM-noROT condition 
and approached above chance performance in the LM-noROT condition. Both age groups 
did not perform above chance level in the LM-ROT condition. As expected, both groups 
performed at chance level in the noLM-ROT condition. In the beacon condition, both age 
groups performed well above chance. In the LM-cued condition, 56% of the 42-month-olds 
succeeded, which did not exceed chance level after multiple comparison correction.
Additional analyses including only those children who succeeded in the beacon trial 
showed no significantly above chance performance for the 30-month-olds in any condition. 
This is likely to be due to the small number of participants (only 12) left in this age group. 
The 42-month-olds performed above chance in the no rotation conditions (LM-noROT and 
noLM-noROT), as well as in the LM-ROT condition and the LM-cued condition. 
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Table 4.1. Results of the binomial tests in all children and in the children who succeeded in the beacon trial
All children Succeeded in beacon
30 months 42 months 30 months 42 months
LM – noROT P = .56, p = .047
(N = 16)
P = .94, p < .001
(N = 18)
P = .58, p = .063
(N = 12)
P = .92, p < .001
(N = 13)
LM – ROT P = .33, p = .585
(N = 15)
P = .47, p = .139
(N = 19)
P = .27, p = .482
(N = 11)
P = .64, p = .016
(N = 14)
noLM – noROT P = .69, p = .004
(N = 16)
P = .89, p < .001
(N = 18)
P = .58, p = .063
(N = 12)
P = 1.0, p < .001
(N = 13)
noLM – ROT P = .20, p = .307
(N = 10)
P = .37, p = .444
(N = 19)
P = .14, p = .270
(N = 7)
P = .43, p = .301
(N = 14)
Beacon P  = .86, p < .001
(N = 14)
P = .74, p < .001
(N = 19)
LM – cued P = .56, p = .041
(N = 18)
P = .69, p = .008
(N = 13)
Bold indicates significant results after FDR correction. Tests are performed against 0.33 chance level
4.5 DISCUSSION
This study was designed to assess the development of spatial cue use for navigation purposes 
in 2.5-year-old and 3.5-year-old children. Participants had to search for a toy hidden in one 
of the boxes located at the end of each arm in a cross-maze. The use of path integration, 
beacons, and landmarks was examined by alternating their availability. Our results show that 
beacon use develops earliest with 2.5-year-olds already being proficient, as shown by the 
high percentage of children succeeding in the beacon trial. This is in line with reorientation 
research showing beacon use at even younger ages (Bushnell, McKenzie, Lawrence, & Connell, 
1995; Lourenco et al., 2011). Path integration was used by 2.5-year-olds as well. However, 
performance was only above chance in one of the no rotation conditions (noLM-noROT), 
while the 3.5-year-olds performed above chance at both no rotation conditions. The result 
indicates that children only become fully proficient in path integration at the age of 3.5 years. 
This is in line with previous research showing that path integration already starts at 1.5 years 
of age, but still improves until three to four years of age (Bremner et al., 1994; Rider & Rieser, 
1988). Landmark use was shown to start only around 3.5 years of age. Even at this age, only the 
children succeeding in the beacon condition showed above chance performance, indicating 
that it might be only a subgroup of 3.5-year-olds that is already able to use landmarks for 
navigation.
In conditions in which the children were not disoriented, they could use an egocentric 
strategy, i.e. path integration to find the hidden object. Our results show that the use of 
path integration starts to develop earlier as compared to making use of landmarks after 
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disorientation, indicating that egocentric processing starts at an earlier age as compared to 
landmark use. These results are in line with results from reorientation studies showing that 3-to-
4-year-olds are more successful in finding the hiding location when they are not disoriented as 
compared to when they are disoriented (Gouteux & Spelke, 2001; Lee, Shusterman, & Spelke, 
2006) and with studies showing that whereas adults can use landmarks during navigation 
without training, their navigation initially depends on egocentric processing, with a shift to 
allocentric processing over time and experience (see Burgess, 2006 for a review). 
With respect to visual cue use, our results show that 2.5-year-olds are already proficient in 
using beacons. However, they do not yet successfully use landmarks. The 3.5-year-old children 
started to relate the landmark to a specific direction to take to reach a goal location. Without 
instruction, 64% of the children (who succeeded in the beacon condition) used the landmark. 
After instruction, 69% used the landmark. Thus, the instruction to use the landmark did 
not seem to improve performance much. Previous reorientation research did show that 
instruction helps children to use landmarks (Acredolo, 1977; Shusterman, Ah Lee, & Spelke, 
2011). This may indicate a difference between the usefulness of instruction in reorientation 
versus navigation. However, our sample was small, which may have contributed to a lack of 
difference between conditions. Unfortunately, we were not able to administer the LM-cued 
condition in the 2.5-year-olds. Because landmark use without instruction was significantly 
better in the 3.5-year-olds as compared to the 2.5-year-olds and instruction did not improve 
performance in 3.5-year-olds, we expect that the 2.5-year-olds would not have been able to 
make sufficient use of the verbal instruction either. However, future research on the benefits 
of (verbal) instruction on landmark use is recommended.
The diverging results for beacon use versus landmark use in 2.5-year-olds show that 
children at this age are able to use an object to guide their search, but they fail to spontaneously 
associate it with a direction to take. This might be due to a difficulty in discriminating the 
left-right sense of the symmetric landmark. For asymmetric landmarks, left-right coding is 
not necessary. Therefore, asymmetric landmarks are easier to use as compared to symmetric 
landmarks for young children (Nardini et al., 2008). Future research is necessary to examine 
whether 2.5-year-olds are already able to use asymmetric landmarks during navigation or 
whether they lack the general ability to associate a landmark with a direction to take.
Together, the results suggest that while beacon use and path integration seem to start 
around the same age in navigation as compared to reorientation, the development of landmark 
use seems to differ. Whereas children start to use landmarks around 18 to 24 months of age 
for reorientation purposes (Learmonth et al., 2002; Learmonth et al., 2001; Learmonth et al., 
2008; Nardini et al., 2008), we have shown here that landmark use for navigation starts around 
3.5 years of age. The main difference is that the whole environment is not visible at once during 
navigation, and the landmark needs to be associated with a specific direction to take to reach 
the goal location. Therefore, landmarks are used as associative cues instead of reorientation 
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cues. This causes an extra memory load, which may be too high for younger children. 
Moreover, different brain regions have been suggested to be involved in using reorientation 
cues versus associative cues, possibly explaining the different ages at which they develop 
(Chan, Baumann, Bellgrove, & Mattingley, 2012). Another difference between reorientation 
studies and our study is the proximity of the landmark. Successful use of landmarks at 18 
to 24 months of age in reorientation paradigms was only found when the landmarks were 
sufficiently far away from the participant (Learmonth et al., 2008). In our study, as well as 
other studies on the development of navigation skills, proximal landmarks were used (e.g. 
Jansen-Osmann & Fuchs, 2006). Although research has shown that 18- to 24-month-olds can 
also use proximal landmarks when geometry is not informative (Nardini et al., 2008), and 
proximal landmarks seem to be of major importance during navigation (versus reorientation) 
because they can be used to associate them with specific turns to learn a route through an 
environment, future research should compare the use of proximal and distal landmarks in 
navigation and examine its developmental trajectory between 2.5 and 6 years of age.
To our knowledge, this study has been the first to investigate cue use for navigation 
skills in toddlers. We can conclude that the development of navigation skills differs from the 
development of reorientation skills, especially with respect to landmark use. In this study, we 
discovered the onset of landmark use for navigation at around 3.5 years of age. We made use of 
a small maze with only one turn. Therefore, it is unlikely that 3.5-year-old children are already 
capable of using landmarks in real navigation which most often encompasses traveling longer 
routes without training or repeated exposure to the route. As shown by various authors, in 
real world navigation, landmark use still develops between 6 and 12 years of age (Cornell 
et al., 1989; Jansen-Osmann & Fuchs, 2006; Jansen-Osmann & Wiedenbauer, 2004). Now 
knowing that the onset of landmark use for navigation is around 3.5 years of age, there is a 
gap in the knowledge on landmark use between 3.5 and 6 years of age. Future research should 
investigate this age range, preferably in a longitudinal fashion to examine whether the simple 
associative landmark use assessed here is a precursor for landmark use in real life navigation.
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CHAPTER 5
Individual differences in landmark use in 
primary school children: Effects of age, 
gender, working memory, and landmark type
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5.1 ABSTRACT
The use of landmarks for navigation develops throughout childhood. The most advanced 
form of landmark use encompasses a map-like, allocentric representation based on the 
configuration of available landmarks and geometry. The goal of the current study was to 
examine the developmental trajectory of egocentric and allocentric navigation, and to gain 
insight into cognitive factors contributing to this development. Performance on a navigation 
task in an open virtual environment was related to gender, spatial working memory, verbal 
working memory, and the verbal production of left and right. The results show that egocentric 
navigation develops earlier as compared to allocentric navigation. Egocentric navigation was 
already present at 5 years of age and its development was positively related to visuo-spatial 
working memory and the production of the terms left and right. Allocentric navigation 
only started to develop between 5 and 8 years of age and was related to gender, with boys 
outperforming girls. To our knowledge, this study is the first to give insight into the relative 
contribution of different cognitive abilities to both egocentric and allocentric navigation skills 
in school-aged children. 
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5.2 INTRODUCTION
Successful wayfinding is a crucial skill for everyday life. Both humans and animals have 
several mechanisms at their disposal supporting successful navigation (e.g. Burgess, 2006). 
In the current study we examined the development of these mechanisms and their cognitive 
correlates in primary school children. Multiple terms to describe navigation mechanisms 
are present in the literature. Based on animal literature, Wang and Spelke (2002) suggest 
that human navigation depends on three processes; path integration, view-dependent place 
recognition, and geometry-based reorientation. They describe path integration as ‘a process 
by which the relation of the animal to one or more significant places in the environment 
is updated continuously as the animal moves’ (p.376). View-dependent place recognition is 
described as the use of snapshot view-matching, while reorientation is the use of the shape of 
an environment to restore the spatial relationship between an individual and its environment. 
Path integration and view-dependent scene recognition both rely on the relation between the 
navigator and the environment and can thus be described as egocentric processing. Geometry-
based reorientation is based on the shape of the environment only, and can thus be described 
as allocentric processing. However, allocentric processing does not necessarily depend on 
geometry only, but can also be based on (distal) landmarks within the environment (Burgess, 
2006). In this study, we will use the term egocentric strategy to refer to path integration (i.e. 
updating ones location based on self-motion cues) and viewpoint matching. We will use the 
term allocentric strategy to refer to the use of external cues in the environment to establish a 
map-like representation. It is important to note that landmarks can be used for both egocentric 
and allocentric navigation.
Previous studies in adults related navigation skills to gender, spatial working memory, 
verbal working memory, and language skills. While men tend to outperform women on 
allocentric navigation tasks (Chai & Jacobs, 2009, 2010; Chamizo, Artigas, Sansa, & Banterla, 
2011), the relations between navigation skills and spatial working memory, verbal working 
memory, and language skills are inconclusive (Baumann, Skilleter, & Mattingley, 2011; 
Hermer-Vazquez, Spelke, & Katsnelson, 1999; Hupbach, Hardt, Nadel, & Bohbot, 2007; 
Meilinger, Knauff, & Bülthoff, 2008; Ratliff & Newcombe, 2005). In children, relations are even 
less clear. While some researchers found gender differences in navigation skills favouring boys 
(Joshi, MacLean, & Carter, 1999), others found results favouring girls (Mandolesi, Petrosini, 
Menghini, Addona, & Vicari, 2009; Nardini, Burgess, Breckenridge, & Atkinson, 2006), or no 
differences in performance (Choi & Silverman, 2003; Laurance, Learmonth, Nadel, & Jacobs, 
2003). Moreover, language skills seem to be related to some forms of navigation (Balcomb, 
Newcombe, & Ferrara, 2011; Hermer-Vazquez, Moffet, & Munkholm, 2001), although 
other research suggests that it is not (Learmonth, Nadel, & Newcombe, 2002; Learmonth, 
Newcombe, & Huttenlocher, 2001). To our knowledge, spatial working memory and verbal 
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working memory have not been previously associated with navigation skills in children. In 
the current study we examined individual differences in egocentric and allocentric navigation 
skills in children by relating them to age, gender, verbal working memory, visuo-spatial 
working memory and language skills. 
5.2.1 Development of navigation skills
A large and growing body of literature has investigated navigation skills in children, mainly 
focusing on landmark use for both egocentric as well as allocentric navigation. Egocentric 
navigation based on landmarks start with beacon use (i.e. landmarks that directly mark the 
goal location) already before the age of one year (Acredolo, 1978; Acredolo & Evans, 1980; 
Bushnell, McKenzie, Lawrence, & Connell, 1995). Moreover, the use of the geometry of the 
environment to reorient (whether or not in combination with landmarks) also starts early, and 
develops mainly between 1.5 and 6 years of age, with the joint use of landmarks and geometry 
depending on the size of the environment and distance between the landmark and the child 
(Hermer & Spelke, 1994, 1996; Hupbach & Nadel, 2005; Learmonth et al., 2002; Learmonth et 
al., 2001; Learmonth, Newcombe, Sheridan, & Jones, 2008; Lourenco, Addy, & Huttenlocher, 
2009; Nardini, Atkinson, & Burgess, 2008). Although landmark use in environments in which 
geometry is not helpful has been studied less extensively, this seems to start to develop around 
1.5 to 3 years of age (Nardini, Atkinson, & Burgess, 2008; Ribordy, Jabes, Banta Lavenex, 
& Lavenex, 2012; Smith et al., 2008). While the use of landmarks in the abovementioned 
studies is often interpreted as allocentric processing, Nardini, Thomas, Knowland, Braddick 
and Atkinson (2009) suggest that, in most cases, egocentric processing is sufficient to find the 
goal location. In order to exclude egocentric processing, in their study, a large asymmetric 
landmark was placed in the middle of a room with two boxes placed next to it, one on each 
side, serving as hiding locations. Children hid the object in one of the boxes after which they 
were disoriented and were either moved to the other side of the landmark or were moved 
back to the location from which they hid the object. In the condition in which they were 
moved to the other side, they could not use viewpoint-matching and / or path integration 
to find the object. Having to rely on viewpoint-independent processing alone, 6- to 8-year-
olds were able to find the goal location based on landmarks after disorientation. However, a 
younger age group of 4- and 5-year-olds was not. Although Nardini et al. (2009) point out that 
viewpoint-independent processing in this study might be a very simple form of allocentric 
processing, the results suggest that allocentric processing starts to develop between 5 and 6 
years of age. In the current study, we examined the development of more complex forms of 
allocentric processing and its increasing precision. Whereas Nardini et al. (2009) used fixed 
hiding positions (boxes), in the current study we used an open field without potential target 
locations being visible (Baumann, Chan, & Mattingley, 2010), which enabled us to examine 
individual differences in the precision of egocentric and allocentric navigation. 
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Allocentric representations based on landmarks can hold different types of information, 
i.e. positional and directional information. Positional cues are unique landmarks which are 
close to the navigator and therefore provide precise information about the location of the 
navigator within the environment. Directional cues mainly provide information about the 
direction one is heading (Jacobs & Schenk, 2003). Examples of the latter type of cues are 
distal landmarks, slants, and shadows. In adults, research has shown that men prefer to base 
navigation on directional landmarks, while women prefer to rely on positional landmarks 
(Banta Lavenex & Lavenex, 2010; Chai & Jacobs, 2010; Lin et al., 2012; Nardi, Newcombe, & 
Shipley, 2012). In the current study, we investigated children’s use of positional and directional 
cues by modulating their presence.
Next to gender, we examined the interactions between navigation skills, working memory 
and language skills. In adults, concurrent spatial working memory tasks and, to a lesser 
extent, verbal working memory tasks have been shown to impede navigational performance 
(Baumann et al., 2011; Hermer-Vazquez et al., 1999; Hupbach et al., 2007; Meilinger et al., 
2008; Ratliff & Newcombe, 2005), while verbal shadowing (repeating an auditory recording) 
does not affect navigation (Hupbach et al., 2007). In children, no relation has been found 
between short-term memory and navigational performance (Hermer-Vazquez et al., 2001), 
but a relation with working memory has not directly been investigated. Language skills on the 
other hand, have been suggested to be related to navigational ability in children. In 16- to 24 
month old children, the number of spatial prepositions the child knows (e.g. behind) has been 
found to be related to landmark use in an adapted Morris Water Maze (Balcomb et al., 2011). 
Moreover, in 5.5- to 6.5-year-old children, correct verbal production of the terms left and 
right, but not comprehension of left and right has been found to be related to landmark use in 
a reorientation task (Hermer-Vazquez et al., 2001). While the use of landmark information in 
reorientation was assumed to build on the development of language (Hermer-Vazquez et al., 
1999), more recent studies showed landmark use in similar environments in young children 
and monkeys who are not (yet) able to use left and right (Gouteux, Thinus-Blanc, & Vauclair, 
2001; Learmonth et al., 2008; Ribordy et al., 2012). 
5.2.2 The present study
To address the contradictory findings and gaps described above, in the current study, we 
examined individual differences in the precision of spatial representations based on landmarks 
for navigation in 5- to 10-year-old children. We employed an on-screen virtual navigation task 
in an open environment with one green and one blue cylindrical landmark casting shadows on 
the ground based on the study of Baumann et al. (2010; see Fig 5.1A). Each trial consisted of an 
encoding phase in which a ball had to be picked up by moving through the environment, and 
a retrieval phase in which the ball needed to be placed back at the same location. The starting 
point during retrieval was either the same as during encoding, enabling the use of egocentric 
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navigation, or different, requiring the use of allocentric navigation. Landmark information 
was manipulated during retrieval such that the directional or positional information of the 
columns was missing at times (see Fig. 5.1B). After the navigation task, children performed a 
verbal working memory task, a spatial working memory task, and a left/right production task.
Our main hypothesis was that landmark use would become more proficient with age in 5- 
to 10-year-olds. Based on Nardini et al. (2009), we expected performance to be above chance 
level on the allocentric trials starting at the age of 7 to 8 years, and to increase with age. On 
the egocentric trials on the other hand, we already expected to observe high performance in 
the 5- and 6-year-olds, since egocentric processing has been shown to be present at a younger 
age and to develop earlier than allocentric processing (Acredolo & Evans, 1980; Nardini et 
al., 2006; Newcombe, Huttenlocher, Drummey, & Wiley, 1998). Furthermore we investigated 
the relative contribution of gender, verbal working memory, spatial working memory, and 
language skills to the use of egocentric and allocentric navigation. Including these individual 
factors allowed us to comprehensively investigate correlations with both egocentric and 
allocentric navigation skills during development.
5.3 METHOD
5.3.1 Participants
The sample consisted of 122 children across three age groups: Thirty-nine 5-to 6-year-olds 
(20 boys, 19 girls) with a mean age of 5;11 years (sd 5 months), 43 7-to 8-year-olds (22 boys, 
21 girls) with a mean age of 8;1 years (sd 6 months), and 41 9 -to 10-year-olds (20 boys, 21 
girls) with a mean age of 10;1 years (sd 6 months). The children were mainly recruited from 
regular primary schools in the Netherlands. Some children in the youngest age group were 
recruited via a list of participants from the Radboud University Nijmegen. Written informed 
consent was obtained from the parents for each child according to a protocol approved by the 
Radboud University Nijmegen Ethics Committee for Behavioural Research (ECG).
5.3.2 Measures
5.3.2.1 Navigation task. 
Task. The navigation task was an adapted version of an on-screen virtual navigation task 
developed by Baumann et al. (2010). An environment was created with two differently 
coloured columns as landmarks, and a ball which was placed on the floor, at a location 
close to the landmarks (see Figure 5.1A). The task consisted of an encoding phase and a 
retrieval phase. In the encoding phase, children had to gather the ball by moving through the 
environment with the arrow keys on the keyboard and move over the ball to pick it up. This 
was rewarded by a sound and followed by a blank screen with a fixation cross for 2 seconds. 
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In the retrieval phase, the children had to place the ball at the same location they had picked 
it up by moving to the remembered location and pressing the space bar to release the ball 
as quickly as possible. A time limit was set to prevent the children from going back to the 
(invisible) location they started during encoding. If the child did not place the ball within 20 
seconds, an orange square appeared on the right top of the screen to indicate that he or she 
was almost out of time. If the ball was not placed within an additional 10 seconds, the square 
would turn red, a sound was played and the trial was terminated. When the child had placed 
the ball back in the environment in time, a rewarding sound was played, and the child was 
encouraged to use the left and right arrow keys to obtain feedback about where the ball should 
have been placed (see Figure 5.1A). 
This location was marked by a cross on the floor (only after the ball had been placed). When 
the ball was placed at or very close to its original location, instead of the cross on the floor, a 
picture of a happy dog was shown. The feedback phase was terminated by the experimenter 
when he or she observed that the child had seen the target location. A fixation cross appeared 
marking the inter-trial interval of 3 to 4 seconds before the next trial started. The experiment 
consisted of 32 trials. The experiment contained three cue types which were intermixed, 
being combined (C) cues, positional (P) cues, and directional (D) cues (see Fig. 5.1B). During 
the encoding phase, there was no difference between cue types. During retrieval, in the C 
condition, the columns were still coloured green and blue providing positional information, 
together with shadows providing directional information. In the P condition, shadows were 
removed and the children could only use the positional information during retrieval, provided 
by the colours of the landmarks. In the D condition, colour information was lacking, meaning 
that children could reorient only based on directional landmark information provided by the 
shadows. Sixteen trials were presented in the C condition, and 8 in the P and D conditions. 
Next to manipulating landmark availability, we also manipulated the participants’ starting 
position between encoding and retrieval. In 8 of the trials, the participants started from 
the same location as they started from during encoding, in 8 of the trials they entered the 
environment after a 90 degree clockwise rotation around the environment, in 8 of the trials 
they entered after a 180 degree clockwise rotation, and in 8 trials they entered after a 270 
degree clockwise rotation. The rotations were distributed equally across cue conditions (see 
Fig. 5.1B). In addition, within the experiment, distance to the target during retrieval, position 
of the target either in front of or behind the landmarks during encoding, and distance of the 
target to the landmarks were counterbalanced.
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Dog searching
Encoding
Retrieval
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1.5 s
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A: Time course of a trial
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C P D
B: Conditions and Rotations
encoding retrieval
Figure 5.1. The navigation task. (A) Time course of a trial, (B) crossed cue types (combined, positional, 
and directional) and starting positions (0, 90, and 180 degree rotation between encoding and retrieval).
Setup. The task was constructed in Blender (www.blender.org, The Blender Foundation, 
Amsterdam, The Netherlands). All sizes and distances are measured in Blender units. The 
virtual environment in which the task was executed consisted of an infinite area with a 
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grey-black spotted floor. Above the floor, the environment was covered with fog around the 
participant starting at 100 units away from the participant and being completely dense at 
200 units away. Two landmarks were present in the environment, a blue column and a green 
column. The columns were 11 units wide and 12 units high. They were both casting shadows 
on the floor. The location of the columns was different in every trial, but the columns were 
always 50 units apart from each other and both placed within the inner circle of two invisible 
circles (with a diameter of 100 and 150 units) in the environment which were used for the 
generation of the trials (see Fig 5.1). A ball with a diameter of 5 units was placed 20 or 40 units 
away from and perpendicular to the middle of an imaginary line between the two landmarks 
and was also within the inner invisible circle. The starting point of the participants was on the 
outer circle of the environment, facing inwards, always being 80 units away from the target 
during encoding. During retrieval, the distance to the ball was counterbalanced between 80 
and 90 units.
Instructions. Before the task started, the children were first familiarized with the arrow 
keys on the keyboard and the task. At the start of the task, the child was told that a dog was 
searching for a ball and it needed some help. He or she could help by getting the ball for the 
dog. The trial then started with a picture of the dog and a sound of a sniffing dog for 1.5 s 
after which the encoding phase started. The child was told to attend to the columns and their 
shadows to remember where the ball was placed. The child was instructed to pick up the ball 
as quickly as possible. Following the encoding phase, the child was told to put the ball back 
in the same place where it was picked up, because the dog wanted to retrieve the ball itself 
afterwards. Then the retrieval phase started.
During the familiarization phase, the feedback system was introduced to the child. The 
researcher explained to the child that after placing the ball, a cross on the floor indicated the 
location where the ball should have been placed. Moreover, he or she would see a happy dog 
accompanied by a happy sound after the trial when they placed the ball at the right location 
(which was within 10 units from the target location). Whenever the happy dog appeared, the 
child was rewarded offline. He or she was instructed to place a marble in the dog’s kennel, 
which was made of cardboard. After the experiment, the researcher and the child would count 
the number of marbles gained during the experiment. The child was verbally rewarded and 
encouraged throughout the task.
5.3.2.2 Working memory task. 
Two subtests of a Dutch translation of the Automated Working Memory Assessment (AWMA; 
Alloway, 2007) were administered. First, the ‘backwards digit recall’ subtest was administered 
to measure verbal working memory. The children were instructed by the computer to recall 
the digits in the opposite order in which they had been presented. After the practice trials, 
a block with 2-digit strings was presented. A maximum of six trials was presented within a 
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block. After four correct answers, the next block started, containing strings with one extra 
digit. After 3 wrong answers within a block, the task was terminated.
To measure visuo-spatial working memory, the ‘odd one out’ subtest was administered. In 
this task, children saw a grid with 3 pictures, two of which were identical. They had to indicate 
which picture was the odd one out. After that, an empty grid was shown on which children 
were required to indicate where the deviating picture had been presented before. In the next 
block, first two grids of 3 pictures were presented after each other, and only after they had 
indicated both odd ones, an empty grid was shown. In this empty grid, they had to indicate 
where the odd ones had been presented in the same order as they were presented. The blocks 
of trials were presented via the same procedure as in the backwards digit recall task. For both 
tasks, the experimenter entered into the computer whether the answer was right or wrong. 
After the test, a score was computed automatically. The standardized scores with a mean of 
100 and an sd of 15 in the population were used in the analyses. 
5.3.2.3 Left-right task. 
The left-right task was based on the left-right task used by Hermer-Vaszquez, Moffet, & 
Munkholm (2001). On a light blue background, one multi-coloured ball was presented in 
the middle of the screen. In addition, in each trial a single coloured ball was presented either 
above, below, left or right from the multi-coloured ball. The pictures were made in Blender and 
presented with Power point (Microsoft Office). The task consisted of 16 trials and one practice 
trial. On each trial, the children were asked: ‘Can you tell me where the single-coloured (e.g. 
black) ball is with respect to the multi-coloured ball in the middle?’ If the child answered that 
the single-coloured ball was ‘next to’ the multi-coloured ball, the experimenter would ask: 
‘Can you also tell me which side?’ Almost all children then indicated left or right. Scores were 
added for the left-right items leading to a score ranging from 0 to 8. Afterwards, the scores 
were dichotomized. A score of 8 was transformed into a score of 1 while a score lower than 8 
was transformed into a score of 0. The above-below items were only used as fillers.
5.3.2.4 Parental questionnaire. 
The parents of all participating children were asked to fill out a questionnaire. The questionnaire 
asked the parents for some background information about the family as well as the navigation 
skills of their child, how their child typically went to school, and the computer skills of their 
child.
5.3.3 Procedure
Participants were recruited via regular primary schools in the East of the Netherlands. Parents 
signed a consent form if they allowed their child to participate. The children were tested 
individually on a laptop in a separate room at their school (or in a few cases at the university). 
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First, the navigation task was administered. This took about 25 minutes. Next, the working 
memory tasks and the left-right task were administered, always in the same order. The total 
testing session took about 45 minutes. The children were rewarded with a small toy for their 
participation. 
5.3.4 Data analyses
Data were analysed in terms of metrical (precision) and categorical errors. Metrical errors 
were measured as the distance between the target location during encoding and the location 
at which the child placed the ball during retrieval. For the categorical analyses, we observed 
whether the ball was placed on the same side of the landmarks as the target location. In order 
to do so, an imaginary line was drawn through both landmarks. If both locations were on 
the same side of this line, the trail was scored as correct, if not, an error was scored. In each 
condition, the percentage of correct answers was computed. For the rotations, the 90 and 
270 degree turns were taken together and labelled as 90 degree turns. Data were analysed 
separately for Rotation and Cue Type, since we did not expect any interaction between 
Rotation and Cue Type. If we would have split the data per Rotation per Cue Type, few trials 
would be available in each cell, leading to unreliable means. 
Two repeated measures MANOVAs with both metrical and categorical error as dependent 
variables were carried out with Rotation (0, 90, 180 degrees) or Cue Type (C, D, P) as within-
subject factor and Age Group and Gender as between-subject factors. Greenhouse-Geisser 
correction for nonsphericity was applied whenever appropriate. Corrected p values are 
reported along with original degrees of freedom. Post-hoc analyses for Age Group were 
Sidak-corrected (Sidak, 1967).
With regard to the Rotations, we were also interested in the relation between performance 
and verbal working memory, spatial working memory, and left/right knowledge. In addition, 
we controlled whether the performance was related to the ability to use a keyboard and the 
hours of game playing of the children as reported by the parents. Therefore, we performed 
2 MANCOVAs, one on metrical performance and one on categorical performance, with 
Rotation as within-subjects factor, and Age (in days), Gender, verbal working memory, spatial 
working memory, left/right knowledge, keyboard use (dichotomized), and hours of gaming 
as covariates.
5.4 RESULTS
Ten 5- to 6-year-olds (4 boys, 6 girls) were excluded from the analyses because they did not 
finish the navigation task. These children did not differ significantly from their included 
peers on verbal and spatial working memory or left-right knowledge. Results are presented 
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separately for rotations and cue type. In this section, we will refer to the 5- to 6-year-olds as 
6-year-olds, to the 7-to 8-year-olds as 8-year-olds, and to the 9- to 10-year-olds as 10-year-
olds. Descriptive statistics on the tasks (except for the navigation task) are reported in Table 
5.1.
5.4.1 Rotations
The results for the 0, 90, and 180 degree rotations are presented in Figure 5.2A and 5.2B, and 
results of the repeated measures MANOVA are reported in Table 5.2. 
Table 5.1. Means and standard deviations (in brackets) for each age group on the experimental tasks.
6 years 8 years 10 years
AWMA backwards digit recall 102.28 (18.26) 106.69 (13.02) 100.17 (12.09)
AWMA odd one out 109.87 (15.60) 116.52 (12.87) 111.91 (15.05)
Left-right task 4.95 (3.14) 6.95 (2.53) 7.59 (1.75)
Statistical analyses revealed an effect of Rotation, an effect of Gender, and an effect of Age 
Group. Moreover, an interaction between Rotation and Gender and a marginal interaction 
between Rotation and Age Group were found. Univariate tests showed that most effects 
applied to both metrical and categorical error, except for Gender, which was only marginally 
significant for the categorical data. Planned contrasts showed a difference between both 0 
and 90 degrees rotation, both Fs > 25.22, p < .001, and 90 and 180 degrees rotation, both 
Fs > 32.75, p < .001. Post-hoc analyses showed that the 6 year olds differed from the 8 year 
olds, and the 8 year olds differed from the 10 year olds on both the metrical errors, both 
ps <.001, and categorical errors, p = .001, and p < .001, respectively. Planned contrasts on 
the interaction between Rotation and Gender showed a difference between boys and girls 
in the 0 vs 90 degree rotations, metrical: F = 5.60, p = .020, categorical: F = 7.16, p = .009, 
but not in the 90 vs 180 degree rotations, both metrical and categorical F < 1, n.s. For the 
metrical errors, girls and boys performed similarly on the 0 degree rotation, t (110) = -.066, 
p = .948, but boys made less errors on the 90 degree rotation, t (110) = -2.87, p = .005. For 
the categorical errors, no significant difference between boys and girls on either the 0 degree 
rotation or 90 degree rotation was observed, t (111) = -1.08, p =.284, and t (111) = 1.64, 
p = .104, respectively, but the difference between the rotations was larger for girls as compared 
to boys. Planned contrasts on the interaction between Rotation and Age Group also revealed 
a difference between Age Groups in the 0 degree rotation versus 90 degree rotation, metrical: 
F (2,105) = 3.24, p = .043, categorical: F (2,105) = 3.48, p = .034, but not in the 90 vs 180 
degree rotation, both Fs (2, 105) < 1.3, ps > .283. The difference between errors in the 0 and 90 
degrees rotations decreased with age. 
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Table 5.2. Repeated measures MANOVA on Rotations
df F p η2 
Rotation 4, 103 49.60 <.001** .658
    Metrical 2, 212 73.89 <.001** .411
    Categorical 2, 212 109.69 <.001** .509
Age Group 4, 210 17.93 <.001** .222
     Metrical 2, 105 42.20 <.001** .443
     Categorical 2, 105 34.18 <.001** .392
Gender 2, 105 9.35 <.001** .151
     Metrical 1, 106 12.17 .001* .103
     Categorical 1, 106 2.98 .087† .027
Rotation*Age Group 8, 206 1.89 .063† .067
   Metrical 4, 103 3.49 .009* .062
    Categorical 4, 103 3.83 .005* .067
Rotation*Gender 4, 103 2.54 .045* .090
     Metrical 2, 212 4.25 .016* .039
     Categorical 2, 212 4.82 .009* .044
Rotation*Age Group*Gender 8, 206 .54 .829 .020
†p<.10, *p < .05, **p<.001
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Figure 5.2. Results for all Age*Gender groups on the cue types and rotations. The horizontal line in 
figure B and D represents chance level with bars higher than this level representing at / lower than 
chance level
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Results from the MANCOVA on the metrical errors showed an effect of age, and marginal 
effects of gender and spatial working memory (see Table 5.3). Age was predictive in the 90 
and 180 degree rotations, both Fs (1, 87) > 17, p<.001, but was only a marginally significant 
predictor for errors in the 0 degree rotation, F (1, 87) = 2.86, p = .095. Gender was not 
predictive for the 0 degree rotation, F (1,87) = 0.55, p = .460, marginally significant for the 
90 degrees rotation, F (1,87) = 3.75, p = .056, and significant for the 180 degrees rotation, F 
(1,87) = 6.53, p = .012. Spatial working memory was only predictive for errors in the 0 degree 
rotation, F (1,87) = 5.73, p = .019, but not for the 90 and 180 degree rotations, both Fs (1,87) 
< 1, n.s. 
Table 5.3. MANCOVA analyses on metrical and categorical errors
metrical categorical
df F p η2 df F p η2
Gender 3, 85 2.69 .051† .087 3, 86 0.95 .420 .032
Age 3, 85 9.37 <.001** .248 3, 86 6.48 .001* .184
Verbal WM 3, 85 0.45 .721 .015 3, 86 1.58 .199 .052
Spatial WM 3, 85 2.18 .097† .071 3, 86 2.98 .036* .094
Left/right 3, 85 1.94 .129 .064 3, 86 4.52 .005* .136
Keyboard use 3, 85 0.39 .764 .013 3, 86 0.40 .752 .014
Game experience 3, 85 0.08 .969 .003 3, 86 0.44 .726 .015
†p<.10, *p < .05, **p<.001
For the categorical errors, results of the MANCOVA showed significant effects of age, 
spatial working memory, and left/right knowledge (see Table 5.3). Age was predictive for the 
90 and 180 degree rotations, both Fs (1, 88) > 13, p < .001, but not for the 0 degrees rotation, 
F (1, 88) = 2.64, p = .108. Spatial working memory was only predictive for errors on the 0 
degrees rotation, F (1, 88) = 7.68, p = .007, but not in the 90 and 180 degrees rotations, both Fs 
(1, 88) < 1, n.s. Left/right knowledge was predictive for the 0 degrees rotation, F (1, 88) = 6.67, 
p = .011, and for the 180 degrees rotation, F (1, 88) = 9.12, p = .003, but not for the 90 degrees 
rotation, F (1, 88) = 1.96, p = .165.
5.4.2 Cue Type
Errors in the positional (P), directional (D), and combined (C) conditions are presented in 
Figure 5.2C and 5.2D for each age group and gender separately. 
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Table 5.4. Repeated measures MANOVA on Cue Type
df F p η2 
Cue Type 4, 103 5.65 <.001** .180
     Metrical 2, 212 11.99 <.001** .102
    Categorical 2, 212 11.23 <.001** .096
Age Group 4, 212 15.43 <.001** .226
     Metrical 2, 106 43.34 <.001** .450
     Categorical 2, 106 30.90 <.001** .368
Gender 2, 105 11.99 <.001** .186
     Metrical 1, 106 16.48 <.001** .135
     Categorical 1, 106 4.17 .044* .038
Cue Type*Age Group 8, 206 1,16 .322 .043
Cue Type*Gender 4, 103 0.53 .712 .020
Cue Type*Age Group*Gender 8, 206 0.38 .926 .015
†p<.10, *p < .05, **p<.001
Statistical results of the repeated measures MANOVA are reported in Table 5.4. An effect of 
Cue Type was revealed for both metrical and categorical errors. Planned contrasts revealed a 
difference between the C and P condition, both F (1,106) > 18.98, p < .001), but not between 
the C and D condition, both F (1, 106) < 1, n.s., with larger errors in the P condition compared 
to the D and C conditions. Moreover, significant main effects of Gender and Age Group 
showed that boys made made smaller errors than girls, and that task performance improved 
with age. Post-hoc comparisons showed that 10-year-olds outperform both 6- and 8-year-
olds, all ps < .001, and that 8-year-olds outperform 6-year-olds, metrical p <.001, categorical 
p = .001. No significant interactions were found.
5.5 DISCUSSION
In the current study we investigated individual differences in allocentric and egocentric 
navigation based on landmarks. In a computer task, 5- to 10-year-old children navigated 
through a virtual open environment with two differently coloured landmarks and an invisible 
sun casting shadows on the ground. They had to walk to a previously visited target location, 
starting from either the same or a different starting location. When starting from a different 
location, an allocentric representation of the landmarks and target was necessary to find 
the goal location, whereas starting from the same location allowed for the use of egocentric 
processing. Directional and positional landmark information was modulated to examine the 
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use of different cue types. Performance (measured by the errors made) on the navigation task 
was related to age, and gender, three cognitive factors being verbal working memory, spatial 
working memory, and left/right knowledge, and the control variables ability to use a keyboard 
and gaming experience.
Both the metrical and categorical results showed better navigational performance at all 
ages when starting from the same starting point (0 degree rotation) as compared to starting 
from a different starting point (90 or 180 degree rotation), indicating that children in general 
are better at egocentric navigation as compared to allocentric navigation. Performance was 
better after 90 degrees rotation as compared to 180 degrees rotation, possibly due to the 
easier detection of a change in location as well as the possibility to update one’s egocentric 
representation. A preference for egocentric navigation is also found in adults in unfamiliar 
environments (e.g. Iachini, Ruotolo, & Ruggiero, 2009). More importantly, a difference in 
developmental trajectories of egocentric versus allocentric navigation was found. Allocentric 
navigation was shown to develop at a later age as compared to egocentric navigation, with 10 
year olds showing a smaller difference between egocentric and allocentric then 5-to-8-year-
olds. Egocentric navigation was already present in 5-year-olds, but performance still improved 
with age, whereas allocentric navigation seemed at chance level in the 5- and 6-year-olds. In 
line with other studies, these results suggest that egocentric processing develops earlier than 
allocentric processing (Nardini et al., 2006; Newcombe et al., 1998). The start of allocentric 
processing between 5 and 8 years of age is in line with the results of Nardini et al. (2009) who 
found that 6-to-8-year-olds, but not 4-to-5-year-olds could find a goal location from a new 
starting point they had not visited before. In contrast, Bullens, Igloi, Berthoz, Postma, and 
Rondi-Reig (2010) reported successful allocentric processing already in 5-year-old children. 
However, in their study, updating based on self-movement in combination with viewpoint 
matching, i.e. sequential egocentric processing, could also have led to successful performance, 
at least in half of the trials. Our finding thus substantiates the view that the use of allocentric 
navigation starts between 5 and 8 years of age. Moreover, it extends these results by showing 
that this allocentric processing becomes more precise over time at least until 10 years of age. 
This finding is in line with other studies showing increased precision in distance estimation 
from a landmark with age in different types of paradigms (Hund & Naroleski, 2008; Laurance 
et al., 2003). Our study is the first to show that allocentric processing based on proximal 
landmarks becomes more precise with age from 5 until 10 years of age.
Next to age, gender was found to be related to performance. Whereas boys and girls 
did not differ in the egocentric condition, boys outperformed girls in metrical allocentric 
processing and showed less of a difference between categorical egocentric and allocentric 
processing than girls. This is in line with research in adults showing superior performance in 
allocentric tasks in males in combination with equal performance on egocentric tasks (Astur, 
Tropp, Sava, Constable, & Markus, 2004; Chai & Jacobs, 2009, 2010; Chamizo et al., 2011). 
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In children, previous results were mixed, including no gender differences in performance 
(Choi & Silverman, 2003; Laurance et al., 2003), better navigational skills in girls (Mandolesi 
et al., 2009; Nardini et al., 2006), and the use of different navigational strategies between girls 
and boys (Jansen-Osmann & Wiedenbauer, 2004; Lourenco, Addy, Huttenlocher, & Fabian, 
2011; Schmitz, 1997). However, these studies assessed diverse navigational behaviours, but 
not necessarily precise allocentric processing. In contrast, in a study by Joshi et al. (1999), 
7- to 12-year-old children had to draw a map of their school environment which does require 
a precise allocentric representation. In line with our results, boys outperformed girls on this 
task. Altogether, these results indicate that men already outperform women from the moment 
they start to use an allocentric navigation strategy. This early distinction is also found in other 
spatial domains like mental rotation at an even younger age, where 3-to-5 months old male 
infants perform better than female infants (Moore & Johnson, 2008; Quinn & Liben, 2008). 
Although this may suggest that there is an innate difference in spatial abilities, both Moore 
and Johnson (2008) and Quinn and Liben (2008) discuss influences of biological as well as 
(early) experiential factors that might cause this difference. In line with this, the hormonal 
influences on spatial abilities have been found to be inconsistent (Liben et al., 2002), and 
effects of training were found to be larger than typical sex differences (Terlecki, Newcombe, 
& Little, 2008). With respect to experiential factors, in this study we did rule out influences 
of gaming experience and keyboard use, but other experiential factors may play a role. 
Future research should examine whether the sex differences in precise allocentric processing 
diminishes as a function of training.
In contrast to a general gender difference, the preferred cue type did not differ between 
boys and girls. Both genders performed better when directional information (either alone 
or in combination with positional information) was available, as compared to when only 
positional information was available. In adult studies, a preference for directional cues 
is shown for men, while a preference for positional cues is often found for women (Banta 
Lavenex & Lavenex, 2010; Chai & Jacobs, 2010; Lin et al., 2012). In these studies the locations 
of positional cues and directional cues generally differ with positional cues being closer to 
the navigator as compared to the directional cues, while in our study they are in the same 
location. This suggests that women may prefer cues that are close by as opposed to far away, 
not necessarily meaning that they prefer positional information over directional information. 
This preference for cues that are close by can be explained from an evolutionary perspective. 
In ancient history, women searched for food in their nearby surroundings. In this case, 
proximal landmarks are useful to return home. One the other hand, men went further from 
home to hunt. At these large distances, distal landmarks are more useful. However, biological 
and social theories also have other explanations for existing gender differences (see Coluccia 
& Louse, 2004 for a review).
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In addition to age (and gender), both spatial working memory and left-right knowledge 
contributed to navigational performance. Spatial working memory only contributed to 
egocentric metrical and categorical performance. This may be due to the fact that the working 
memory task used here measures the location of an object with respect to the observer, 
and hence only requires egocentric processing. However, previous studies in adults found 
impeded egocentric and allocentric navigational performance during spatial interference 
tasks (Baumann et al., 2011; Hupbach et al., 2007; Meilinger et al., 2008; Ratliff & Newcombe, 
2005), which suggests that spatial working memory is involved to some extent in allocentric 
navigation as well, at least at an older age. In children, previous studies have found effects 
of left-right knowledge on navigation skills (Hermer-Vazquez et al., 2001). In our study, 
the effect was mainly driven by the youngest children, since ceiling performance on the 
left-right task was already reached in the 7- and 8-year-olds. The use of left and right only 
predicted categorical performance and not metrical performance. This effect was found for 
egocentric processing and after 180 degree rotation. The predictive value for only categorical 
but not metrical performance was expected, since left and right cannot be used to code for 
the exact goal location. Left and right coding in the egocentric condition was expected to 
predict performance, since it clearly helps to find the goal location. Although coding of left 
and right was not expected to predict allocentric performance, it can also easily help to find 
the goal location after a 180 degree rotation, since one would just need to recognise that a 180 
degree rotation angle has taken place and then walk to the position opposite the remembered 
direction. In the 90 degree rotation, this is not efficient, since it is more difficult to recognise 
a rotation as being 90 degrees as compared to 180 degrees. Furthermore, left and right 
cannot just be switched after the 90 degree rotation. Verbal working memory did not predict 
performance. In previous studies in adults, performance in navigation tasks was impaired 
during a verbal working memory interference task, at least in poor navigators (Baumann et 
al., 2011; Hermer-Vazquez et al., 1999; Meilinger et al., 2008). Verbal working memory may 
be employed to code left and right. In the current study, the ability to use left and right was 
included as a separate factor, which could have overshadowed the effect of verbal working 
memory. In line with this idea, previous research in children including both verbal short-term 
memory and left-right knowledge did find an effect of left-right knowledge, but no effect of 
verbal short-term memory on landmark use (Hermer-Vazquez et al., 2001). 
This study was performed in a desktop virtual environment in which the participants 
did not physically move. Although one may argue that this kind of navigation does not 
resemble navigation in the outside world, virtual environments are used in a substantial 
number of studies in both adults (e.g. Baumann et al., 2010; Pine et al., 2002; Wegman & 
Janzen, 2011) and children (e.g. Bullens et al., 2010; Jansen-Osmann & Fuchs, 2006). The 
use of virtual environments has many advantages, one of which is the ability to control and 
change variables in the environment (Jansen-Osmann, 2007). One of the disadvantages of 
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using a virtual environment is the lack of proprioceptive input and the dependence on the 
participants’ computer skills. In this study we showed that our effects are not due to differences 
in keyboard use and gaming experience. Moreover, previous research directly comparing 
navigation skills in virtual and real environments found that both adults and children treat 
virtual environments similarly to real environments (Laurance et al., 2003; Plumert, Kearney, 
Cremer, & Recker, 2005; Peruch & Wilson, 2004; Wallet et al., 2011). 
5.6 CONCLUSION
This study is the first to give insight into the development of precise allocentric navigation 
skills and the relative contributions of spatial working memory, verbal working memory and 
left-right knowledge on these skills in boys and girls between 5 and 10 years of age. Boys 
displayed more precise allocentric navigation skills as compared to girls already from the 
onset of allocentric navigation. Left-right knowledge was related to egocentric and 180 
degrees rotation allocentric navigation, indicating that children do code for left and right 
when it can easily help their navigation. Moreover, visuo-spatial working memory was 
related to egocentric navigation, but not allocentric navigation. In contrast to other studies, 
verbal working memory was not related to navigational performance. This study shows the 
importance of including several possible covariates together in one study to examine their 
relative importance. The results show early advantages in allocentric navigation for boys as 
compared to girls indicating that it may be useful to train girls on navigation skills from a 
young age. Future research should examine the potential benefit of such training.
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Being able to navigate is an important skill in life without which we would easily get lost. 
Navigation is often based on the use of landmarks. However, landmark use is not present 
immediately at birth. The objectives of the work described in this thesis were twofold. First, 
I aimed to gain insight into an important precursor of landmark use, i.e. object processing, 
in both adults and infants. Secondly, I aimed to shed light on the development of navigation 
skills in children between 2 and 10 years of age. To accomplish the first objective, in Chapter 
2, the electrophysiological correlates of object processing in adults were investigated. In 
Chapter 3, the electrophysiological correlates of object processing in 12-month-old infants 
were examined. Chapters 4 and 5 entail the development of landmark use with the start of 
landmark use for navigational purposes in 2.5-to-3.5-year-olds in Chapter 4, and more mature 
use of landmarks during navigation in 5-to-10-year-olds in Chapter 5. The main findings of 
the work described in this thesis will be summarized here, and implications and directions for 
future research will be discussed. 
6.1 OBJECT PROCESSING AS A PRECURSOR FOR LANDMARK USE
In order to be able to use objects as landmarks, one must be able to locate and identify an 
object, and furthermore bind the identified object to its location. All these steps need to occur 
quickly in order to successfully use landmarks for navigation. In Chapter 2 we examined 
the time course of these processes in adults. Since landmarks are typically embedded in an 
environment, the objects used in this study were shown in spatial scenes. 
Participants were presented with the scenes in a match-to-sample task while their EEG was 
being recorded. The second scene was either the same as the first scene, or contained a change 
in object location (either in depth or in side of the scene), an object disappearance, a change in 
object identity, or a switch of two objects (measuring binding) (see Fig 2.1). The results showed 
that changes in location (depth change, side change, and disappearance) are detected faster 
as compared to identity changes. While the location changes showed a posterior N2 effect 
followed by a P3 effect, identity change showed an anterior N3 effect followed by a delayed 
and reduced P3 effect (see Figure 2.3 and Figure 2.4). This suggests that different neuronal 
populations are involved in processing location changes versus identity changes, which is in 
line with the theory on the differentiation of the dorsal and ventral stream (Ungerleider & 
Mishkin, 1982). Moreover, a switch was detected latest, and only elicited a P3 effect similar 
to the location changes. This later detection may be due to the need to integrate information 
processed in both the ventral and dorsal stream to detect this type of change. Importantly, all 
changes were detected within 500 ms. This fast processing is an important prerequisite for 
landmark use. 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 6
94
In Chapter 3 we examined whether 12-month-old infants can already process object 
changes in a scene, and if so, whether this processing is comparable to adults in terms of 
timing and ERP components. Since infants cannot be instructed to make active responses, we 
presented them with a passive viewing oddball paradigm with an object change, a location 
change, and a switch of two objects while measuring their EEG (see Fig 3.1). The results 
showed an Nc effect for all oddballs, followed by a PSW in the identity change and location 
change conditions, but not in the switch condition (see Figure 3.2). This indicates that 
12-month-old infants already detect a change in all conditions starting around 300 ms after 
stimulus onset. However, this detection may not be conscious (De Haan, 2007), and may not 
include a representation of what aspect of the scene has changed. Later in time, infants do 
show conscious processing of the identity change and location change, as evidenced by the 
PSW. 
Taken together, these results suggest that infants have rudimentary forms of change 
detection in scenes, but are not yet as proficient as adults. First of all, they may not be consciously 
aware of a switch of two objects, indicating that they might not be fully proficient in binding 
an object to a specific location. In contrast, adults are able to do this within 500 ms. Moreover, 
infants show conscious processing of identity changes and location changes between 700 and 
1,200 ms after stimulus onset, while adults show processing of location changes within 250 
ms and processing of identity changes within 400 ms. Lastly, whereas adults show different 
components with different scalp distributions for identity changes as compared to location 
changes, this difference was not found in infants. These discrepancies could partly be due to 
immature brain structures in infants. Conscious detection of identity changes and location 
changes in the infants suggest that both the dorsal and the ventral stream are already in place 
by 12 months of age. This has been confirmed by a NIRS study in which activation of the 
ventral stream was shown for identity processing and activation of the dorsal stream for 
location processing in 5-to-7-month-old infants (Wilcox, Haslup, & Boas, 2010). However, 
the timing of information processing could well be different due to ongoing myelination in 
many regions of the infant brain, at least until the age of 2 years (Geng et al., 2012; Loenneker 
et al., 2011). A potential lack of conscious processing of switches may be due to immaturity 
of the hippocampus. The binding of features to locations has been shown to depend on the 
hippocampus (Hannula & Ranganath, 2008; Piekema, Kessels, Mars, Petersson, & Fernandez, 
2006). This structure shows a protracted development throughout childhood (Abraham et 
al., 2010; Gogtay et al., 2006), implying that the development of abilities dependent on the 
hippocampus, like object-location binding, may also show protracted development. 
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6.2 THE DEVELOPMENT OF SPATIAL CUE USE FOR NAVIGATION
To date, most assessments of landmark use in younger children are based on studies 
using reorientation paradigms. The use of spatial cues likely differs for navigation versus 
reorientation. Therefore, in Chapter 4 we examined spatial cue use for navigation in 2.5-and 
3.5-year-old toddlers in a cross-maze (see Figure 4.1). Together with the experimenter, the 
toddlers hid a toy in one of the four arms of the maze which they were later asked to retrieve. 
They either remained oriented or were disoriented before being allowed to search. The 
presence of the landmark (and beacon) was manipulated. The results show that 2.5-year-olds 
and 3.5-year-olds are both able to use path integration, although the 3.5-year-olds seemed to 
be more successful as compared to the 2.5-year-olds. In terms of visual cue use, differences 
between beacon use and associative landmark use were found. Both age groups successfully 
used beacons to find the goal location. However, a landmark that needed to be associated with 
the correct direction was only used by some of the 3.5-year-olds. Performance was still far 
from ceiling level, indicating that landmark use still develops after this age. This is in line with 
other studies showing that sequential egocentric navigation (i.e. associating a landmark with 
a turn to take) still develops until the age of 12 years in more complex mazes (Jansen-Osmann 
& Fuchs, 2006; Jansen-Osmann, Schmid, & Heil, 2007). 
The use of landmarks for a sequential egocentric strategy (i.e. associative cue use) can 
be contrasted with the use of landmarks for an allocentric strategy, i.e. to build a cognitive 
map of the environment. These processes are thought to depend on different brain regions 
(Chan, Baumann, Bellgrove, & Mattingley, 2012), and the latter is assumed to develop later 
in life as compared to the first (e.g. Bullens, Igloi, Berthoz, Postma, & Rondi-Reig, 2010). 
In Chapter 5, we aimed to shed light on the development of landmark use for allocentric 
navigation as compared to egocentric navigation in 5-to-10-year-old boys and girls. The 
precision of children’s allocentric representations was examined by using a virtual open 
environment without marked potential target locations. In this environment, children had 
to place a retrieved ball back at its original location (see Figure 5.1). After retrieving the ball, 
the children’s starting position was either manipulated by a 90 or 180 degrees rotation around 
the environment, or they remained in their original starting location. In the no-rotation 
trials, egocentric processes such as path integration and viewpoint matching were sufficient 
to successfully navigate back to the target location. After rotation however, an allocentric 
representation of the target location relative to the landmarks was necessary to place the ball 
back at the correct location. Landmark information (colour vs. shadows) was manipulated 
to gain insight in the use of directional and positional landmark information, and gender 
was included in the analyses to examine differences between boys and girls. We examined 
the cognitive correlates of the development of landmark use. Based on previous research, 
performance on the navigation task was related to verbal working memory, spatial working 
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memory, and the verbal production of left and right (e.g. Baumann, Skilleter, & Mattingley, 
2011; Hermer-Vazquez, Moffet, & Munkholm, 2001; Labate, Pazzaglia, & Hegarty, 2014). The 
results show that whereas egocentric navigation strategies are already present at 5 years of age, 
they continue to develop after that. Successful use of an egocentric strategy was related to verbal 
production of left and right, and spatial working memory. Allocentric navigation strategies 
only started to develop between 5 and 8 years of age, with boys outperforming girls in all age 
groups. Left /right production was related to performance only after 180 degrees rotation, but 
not after 90 degrees rotations. Working memory and left/right production were not related to 
performance in the allocentric conditions. This study was the first to include multiple factors 
that were previously related to navigational performance. It shows a comprehensive picture 
of the correlates of navigation skills, and demonstrates the importance of including multiple 
factors to get an overview of relative contributions of these factors.
Based on the studies described in Chapters 4 and 5 we can conclude that there are different 
stages of development of spatial cue use. First of all, we strengthened the claim that path 
integration starts to develop early, but still develops until 3 to 4 years of age (Acredolo & 
Evans, 1980; Bremner, Knowles, & Andreasen, 1994; Landau & Spelke, 1988; Schmuckler 
& Tsang-Tong, 2000). With respect to visual cue use, we showed that the use of beacons 
for navigational purposes developed earlier as compared to the use of landmarks that do 
not directly mark the goal location, which is in line with results from reorientation studies 
(Ribordy, Jabes, Banta Lavenex, & Lavenex, 2012; Smith et al., 2008). The development of 
landmark use starts at a later age for navigation as compared to what has been found in 
reorientation research (Learmonth, Nadel, & Newcombe, 2002; Learmonth, Newcombe, & 
Huttenlocher, 2001; Learmonth, Newcombe, Sheridan, & Jones, 2008; Nardini, Atkinson, 
& Burgess, 2008). Moreover, we have shown protracted development of landmark use until 
at least 10 years of age as compared to reorientation studies showing proficiency at 6 years 
of age (Hermer-Vazquez et al., 2001; Hupbach & Nadel, 2005). This discrepancy is likely 
due to different functions landmarks can serve. While in reorientation paradigms, as well 
as in Chapter 4, landmarks could be used to determine a current heading direction (i.e. as 
orientation cue), or a specific turn to make (i.e. as associative cue), in Chapter 5, an allocentric 
representation based on the landmarks was necessary to find the goal location. Thus, generally 
speaking, spatial cue use seems to start with beacon use and path integration. Associative 
landmark use matures later. True allocentric navigation strategies develop latest, at least until 
10 years of age.
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6.3 DEVELOPMENT OF LANDMARK USE REVISITED
The studies reported in this thesis aimed to gain more insight in the development and 
precursors of landmark use for navigational purposes. These studies have contributed to the 
area of spatial development by using several different methods to cover the broad spectrum 
from object identification to allocentric navigation strategies based on landmarks. All these 
abilities have been shown to develop at different ages. Fig 6.1 gives an overview of the ages at 
which different types of visual cue use develop. Before discussing these in detail, I will first 
turn to the only navigational ability examined here that is not dependent on visual input, 
namely path integration.
Research shows that path integration already starts to develop in the second half year of 
life (Acredolo & Evans, 1980; Landau & Spelke, 1988; Schmuckler & Jewell, 2007; Schmuckler 
& Tsang-Tong, 2000). However, these results are mainly based on paradigms in which the 
infants were moved, whereas path integration can be (partly) based on cues from the motor 
system (Loomis, Klatzky, Golledge, & Philbeck, 1999). In Chapter 4 we showed that path 
integration based on active movement is already present in 2.5-year-olds, but still develops 
until 3.5 years of age in which performance is almost at ceiling level. This is in line with other 
studies showing mature path integration in 3-to-4-year-olds as long as hiding locations are 
easily separable (Bremner et al., 1994; Rider & Rieser, 1988). However, in additional analyses 
on the data presented in Chapter 5 found that path integration in combination with landmark 
use was still gaining in precision until the age of 8 years when target locations were not 
marked. Additional analyses showed no difference between 8- and 10-year-olds was found, 
suggesting that performance in 8-year-olds may resemble adult performance levels.
With respect to visual cues, Figure 6.1 shows that location coding is the earliest developing 
precursor of landmark use. Location coding (i.e. object individuation) develops very early, 
beginning around 5 months of age (Newcombe, Huttenlocher, & Learmonth, 1999; Wilcox 
& Schweinle, 2002). While this behaviour previously has only been studied until 12 months 
of age, our study showed that the time needed to locate an object within an environment still 
differs from adults. Thus, the question when location coding becomes fully mature remains 
open. The development of object identification has received more attention in the literature 
as compared to location coding. Research shows that infants start simple forms of object 
identification by the age of 7.5 months (Wilcox & Schweinle, 2002). We have shown that adults 
identify an object presented in a scene within 400 ms. While we showed that 12-month-olds 
already identify objects in a scene as well, they need more time to do so. ERP studies in older 
children assessing object memory revealed that while 3-to-4-year-olds still need more time to 
distinguish old objects from new objects than adults (Marshall, Drummey, Fox, & Newcombe, 
2002), from around 8 to 10 years of age, children show fast detection with time courses similar 
to adults (Czernochowski, Mecklinger, & Johansson, 2009; Mecklinger, Brunnemann, & Kipp, 
2010; Sprondel, Kipp, & Mecklinger, 2011). These latter studies were designed to examine 
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object memory and not necessarily object identification. However, generally, an object will 
be identified when it has to be remembered. Moreover, to detect that an object identity has 
changed, one needs to have a memory representation of the object. 
object location coding
object identity coding
object-location binding
beacons
orientation cue
associative cue
reference frame
0 10987654321 11 12
age in years
start development
further development
mature abilities
results from studies 
described in this thesis
1-5
1-5 6 7-9
10 11
12-19
20-23
23-27
Figure 6.1 Development of precursors of visual cue use and visual cue use after disorientation. Light grey 
bars represent the ages at which the ability was first found to be present. The darker grey bars represent 
later ages at which the ability is studied and shown to be improved as compared to the start, but has not 
reached mature levels yet. The black bars represent the age at which ceiling level or a level comparable 
to adult level is found. White spaces in between the bars indicate ages that have not been studied. Red 
circles around bars indicate results described in this thesis. The numbers refer to literature on each topic, 
with numbers corresponding with numbers in a reference list in the supplementary materials
With respect to object-location binding, little research has been carried out. Our study 
shows that 12-month-olds detect that something has changed when two objects have switched 
location. However, as in looking time studies, they might not be aware of what exactly changed. 
Toddlers do likely succeed in binding objects to locations as they manage to use landmarks 
as objects. However, in none of these studies on landmark use violations of object-location 
bindings are included, thus it has not been tested directly whether children understand when 
a landmark is relocated and act upon this.
The first visual cues that are used by children are beacons. According to Chan et al. (2012), 
beacon use is the simplest form of landmark use and is supported by the striatum. Beacon use 
starts to develop already between 6 and 9 months of age, but only in rudimentary forms when 
infants remain oriented and could thus combine beacon use with path integration (Acredolo 
& Evans, 1980; Crowther, Lew, & Whitaker, 2000; Lew, Bremner, & Lefkovitch, 2000; Lew, 
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Foster, & Bremner, 2006). Beacon use after disorientation has been investigated less extensively. 
Lourenco, Addy, Huttenlocher, and Fabian (2011) show beacon use in a disorientation 
paradigm in 18-24-month-olds. The results of our study show high performance in beacon 
use in 2.5-year-olds already, and therefore little development of beacon use between 2.5 and 
3.5 years of age. However, in more difficult paradigms, beacon use has been shown to develop 
until at least 5.5 years of age (Smith et al., 2008). The second stage of landmark use is to use 
a landmark as an orientation cue to establish one’s heading direction, which is thought to 
involve the retrosplenial cortex, anterodorsal thalamic nucleus, and pre- and post-subiculum 
(e.g. Chan et al., 2012). This type of landmark use is assessed in reorientation paradigms and 
has been shown to develop between 1.5 and 6 years of age (Hermer-Vazquez et al., 2001; 
Hermer & Spelke, 1994, 1996; Hupbach & Nadel, 2005; Learmonth et al., 2002; Learmonth 
et al., 2001; Learmonth et al., 2008). The third type of landmark Chan et al. discuss is the 
associative cue; a single object that is associated with navigationally relevant information. This 
type of landmark use is supported by the striatum and parahippocampal gyrus (Janzen & van 
Turennout, 2004; Wegman & Janzen, 2011). Results reported in Chapter 4 of this thesis show 
that the use of associative cues starts to develop around 3.5 years of age. However, children 
at this age were not fully proficient, and only rudimentary forms of associative landmark use 
were assessed. In more difficult mazes, the use of associative cues has been found to develop 
until the age of 12 years at which adult performance was reached (Jansen-Osmann & Fuchs, 
2006; Jansen-Osmann et al., 2007). 
The most sophisticated form of landmark use is to use landmarks and geometry as a 
reference frame, i.e. to represent space allocentrically (e.g. Chan et al., 2012). The hippocampus 
has been shown to be involved in allocentric processing of the environment. Nardini, Thomas, 
Knowland, Braddick, and Atkinson (2009) showed that this type of processing starts around 
6 years of age in simple situations with only two hiding locations. In Chapter 5 we examined 
a more difficult situation in which hiding locations were not visible, and found evidence for 
allocentric processing in 8-year-olds, but not in 6-year-olds. Together with other studies, this 
suggests that allocentric processing starts to develop between 6 and 8 years of age (Lehnung 
et al., 1998; Leplow et al., 2003; Townsend, Richmond, Vogel-Farley, & Thomas, 2010). 
Moreover, these studies support the results found in our study, showing that development of 
allocentric processing proceeds until 10 to 12 years of age (Cornell, Heth, & Alberts, 1994; 
Lehnung et al., 1998; Leplow et al., 2003; Townsend et al., 2010). In Chapter 5 we found that 
this development of allocentric processing differs between boys and girls, with boys showing 
superior performance from the start of the development of allocentric processing, likely 
stretching into adulthood (Chai & Jacobs, 2009, 2010; Chamizo, Artigas, Sansa, & Banterla, 
2011).
To conclude, the development from object localisation to the use of landmarks for 
allocentric processing of the environment is a step-wise process, starting with egocentric 
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processing only, increasingly including allocentric processing with age. Different kinds 
of landmark use seem to develop in a set order with beacon use occurring first, followed 
by orientation cues, associative cues, and at last an allocentric frame of reference. These 
developments overlap with each other depending on the paradigms used, varying in the level 
of skill needed to solve a task. The results support neither Piaget’s theory nor the nativist 
theories (Chomsky, 1980; Piaget, 1952). For example, the results of Chapter 4 suggest that 
children may not need experience to construct new knowledge as Piaget proposed. Most 
3.5-year-olds could readily find a hidden toy by using spatial cues, without needing any 
training. Moreover, the prolonged development of allocentric processing found in Chapter 
5 is in contrast with the nativist view. Nativists propose that cognitive modules only need to 
be triggered by the environment for a skill to become available. If this triggering would occur 
after specific maturation, one would expect a steep increase in development once triggering 
happens, and not a prolonged developmental trajectory. In contrast, the data do support the 
adaptive combination approach which posits that the use of certain spatial cues is influenced 
by their salience and stability (Newcombe & Huttenlocher, 2006). 
While we gained more insight into spatial development in this thesis, Figure 6.1 clearly 
shows gaps in the knowledge on development of spatial cognition. Therefore, I now present 
some suggestions for future research.
6.4 SUGGESTIONS FOR FUTURE RESEARCH
In the previous section I presented Figure 6.1 on the development of different precursors of 
landmark use and the different types of cue use. From this graph, it becomes immediately 
clear that there are still gaps in the current knowledge. First of all, while the start of object 
location coding is relatively well studied, research on the age at which maturity is reached 
is lacking. The same holds for object identity coding where there is a large knowledge gap 
between 4 and 8 years of age. Object-location binding has been studied even less, leaving 
us with both questions about the onset as well as questions about mature levels of object-
location binding. These different abilities could easily be studied in a larger age range with a 
paradigm similar to the one that was used in Chapter 3. In addition, it is crucial to compare 
the paradigm used with adults (Chapter 2) and the paradigm used with infants (Chapter 3) 
in older children to investigate whether object processing is different when one is actively 
engaged in change detection as compared to when one is passively looking at stimuli. 
Literature on this comparison is currently lacking.
With respect to spatial cue use, Figure 6.1 shows smaller gaps. However, also in this 
area, a comprehensive overview of development is lacking. For example, the development of 
landmarks used as associative cues is scarce, especially under the age of 8 years. Moreover, few 
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studies have investigated at what age allocentric processing becomes adult-like in sufficiently 
difficult paradigms. Therefore, additional research on associative cue use between 3.5 and 
8 years of age would be beneficial. Moreover, studies assessing the precision of allocentric 
processing are necessary, for example by using more open environments. 
Another gap lies in the area of learning to use spatial cues. In Chapter 4 we examined the 
emergence of the spontaneous use of associative cues, and found that this type of landmark 
use only starts around 3.5 years of age. However, only one trial was given in each condition, 
eliminating the chance to learn to use the landmark. Moreover, the children were not 
instructed as to how to use the landmark during the task. In only one of the conditions, the 
3.5-year-olds were told that the location of the landmark could help them find the target and 
this did not seem to improve their performance. However, Shusterman, Ah Lee, and Spelke 
(2011) showed that verbal instruction helps to use landmarks as reorientation cues in 4-year-
olds. No research has investigated whether younger children may benefit from instructions on 
how to use landmarks. Future research could shed additional light on whether explicit verbal 
instructions or other kinds of instruction are beneficial at different ages. Next to instruction, 
training in spatial cue use may also improve navigational performance in children (e.g. 
Twyman, Friedman, & Spetch, 2007). A recent meta-analysis shows that spatial skills can be 
trained and training has long-lasting effects (Uttal et al., 2013). However, the specific ages at 
which training of spatial cue use is effective remains unclear. Future research should include 
children in multiple age groups to get an overview of when and for whom training of which 
skills is beneficial (Uttal et al., 2013). 
Trying to give an overview of the current status of the field in section 6.3, one must 
acknowledge that even the grey areas in Figure 6.1 give an oversimplified view as there are 
individual differences in the development of spatial skills that are often overlooked. Our 
results in Chapter 5 showed that spatial working memory and the production of left and 
right were related to egocentric navigation. Allocentric navigation was not related to working 
memory. This is in contrast to some adult studies showing that spatial working memory is 
related to allocentric navigation (Baumann et al., 2011; Labate et al., 2014). Gender on the 
other hand, was related to allocentric processing, with boys outperforming girls. This male 
advantage is found in more navigation studies, both in adults and in children (Chai & Jacobs, 
2009, 2010; Chamizo et al., 2011; Joshi, MacLean, & Carter, 1999). However, other studies 
have found no gender differences (Choi & Silverman, 2003; Laurance, Learmonth, Nadel, & 
Jacobs, 2003), or better performance in females (Mandolesi, Petrosini, Menghini, Addona, & 
Vicari, 2009; Nardini, Burgess, Breckenridge, & Atkinson, 2006). These studies may differ in 
the kind of landmark use they assess. While we have shown here that allocentric processing 
differs between boys and girls, other forms of landmark use were not assessed. In Chapter 4 we 
did examine the use of landmarks as associative cues. We did not observe gender differences. 
However, this study was not designed to investigate this issue, and therefore, it is possible that 
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the difference did not emerge due to a small sample size. Future research should therefore 
examine what the correlates of different forms of landmark use are, and how these differ with 
age and gender. Preferably, a longitudinal study should examine the relation between working 
memory, navigation skills, and other spatial skills, such that a more complete picture of the 
interdependence of working memory and different spatial and verbal skills emerges. 
6.5 CONCLUSION
In summary, this thesis provides clear evidence that spatial cognition develops throughout 
childhood. The different chapters have shown that spatial development, and more specifically 
the development of navigation skills consists of many aspects, and that these develop at 
different ages. Now that the different levels of landmark use and the ages at which they develop 
become clearer, the stage is set to more closely examine the links between those developments 
and brain development. This includes looking at individual differences, not only in typically 
developing children, but also in special populations. Linking structural and functional 
differences in the brain to spatial skills can help us gain insight into relative strengths and 
weaknesses of special populations and in the learnability of spatial skills.
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Dagelijks gaan wij naar de supermarkt, naar ons werk, of naar school. Bijna zonder erbij na 
te denken navigeren wij naar de plekken die we zo goed kennen. Maar toen we deze plek 
voor het eerst bezochten, moesten we ons best doen om bepaalde herkenningspunten bewust 
op te slaan om zodoende de weg terug te kunnen vinden. We gingen bijvoorbeeld bij het 
verkeerslicht linksaf, bij de kerk naar rechts, en bij het standbeeld rechtdoor. De objecten die 
we als herkenningspunten gebruikten, noemen we landmarks. Het gebruiken van landmarks 
is een vaardigheid die zich gedurende de kindertijd ontwikkelt. 
Een van de voorwaarden voor het gebruik van landmarks is het snel kunnen localiseren 
en identificeren van objecten, zoals gebouwen en bomen. Het eerste doel van het onderzoek 
dat ik in dit proefschrift (hoofdstuk 2 en 3) beschrijf, is inzicht verschaffen in de vaardigheid 
van jonge kinderen om objecten in een omgeving te localiseren en te identificeren. Hierbij 
werd gekeken of kinderen van 12 maanden oud dit al kunnen, en of ze dit op dezelfde 
manier doen als volwassenen. De methode die hiervoor is gebruikt is de ERP-methode (wat 
staat voor Event Related brain Potentials of hersenpotentialen), waarbij op basis van EEG 
(electroencephalografie) metingen inzicht wordt verkregen in de snelheid van de verwerking 
van prikkels in de hersenen. Het tweede deel van dit proefschrift (hoofdstuk 4 en 5) richt 
zich op de ontwikkeling van het gebruik van landmarks om te navigeren. Hiervoor werd 
onderzoek gedaan bij kinderen van 2,5 tot 10 jaar oud die navigeerden door een echt en een 
virtueel doolhof.
In het eerste experimentele hoofdstuk (hoofdstuk 2) is onderzocht hoe snel volwassenen 
veranderingen in de locatie of identiteit van een object detecteren. De resultaten van 
dit onderzoek dienen als basismeting om de resultaten van jonge kinderen (beschreven 
in hoofdstuk 3) mee te vergelijken. Terwijl EEG werd gemeten, kregen de volwassen 
proefpersonen afbeeldingen te zien van een omgeving met een huis, een grasveld, een pad, 
en twee objecten (zie Figuur 2.1). Er werden twee afbeeldingen na elkaar getoond, waarna 
proefpersonen moesten aangeven of de afbeeldingen hetzelfde of verschillend waren. De 
tweede afbeelding was in ongeveer de helft van de gevallen identiek aan de eerste plaatje. Bij 
de andere afbeeldingen werd a) één van de objecten verplaatst (locatieverandering), b) één van 
de objecten veranderd in een ander object (identiteitsverandering), c) de objecten verwisseld, 
of d) één van de objecten verwijderd. De ERP-resultaten lieten zien dat een verandering in 
de locatie van een object en het verdwijnen van een object al binnen 250 milliseconden (ms) 
gedetecteerd worden. Een verandering in de identiteit van een object wordt binnen 400 ms 
gedetecteerd, terwijl een verwisseling van twee objecten binnen 500 ms gedetecteerd wordt. 
Ook blijken verschillende gebieden in de hersenen actief te zijn bij het detecteren van een 
locatieverandering versus een verandering in identiteit. Samenvattend laat dit onderzoek 
zien dat volwassenen binnen een halve seconde verschillende veranderingen in objecten in 
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een omgeving kunnen verwerken. Dit is een belangrijke voorwaarde voor het gebruik van 
landmarks.
In hoofdstuk 3 werd onderzocht of kinderen van 11 tot 12 maanden ook al veranderingen 
in een locatie en identiteit van een object kunnen detecteren als deze gepresenteerd worden 
in een rijkere context. Met dit doel werd EEG gemeten terwijl de kinderen naar afbeeldingen 
keken op een computerscherm. Op de afbeeldingen was een pad naar een stabiel object in het 
midden te zien met aan beide zijden een grasveld met een verwisselbaar object (zie Figuur 
3.1). Meestal werd deze zelfde afbeelding getoond, maar in 10% van de gevallen bevatte de 
afbeelding een verandering in de locatie van één van de objecten, in 10% bevatte het een 
verandering van de identiteit van één van de objecten, en in 10% bevatte het een verwisseling 
van de twee objecten. Alle veranderingen veroorzaakten een positiviteit in de ERPs tussen 
300 en 700 ms ten opzichte van de standaard-afbeelding. Deze positiviteit, de Nc-component 
genaamd, reflecteert alleen het herkennen van een verandering, maar niet het inzicht in wat 
er anders is. De verandering in locatie en de verandering in identiteit lieten daarnaast een 
latere positiviteit zien tussen 700 en 1200 ms, de PSW (positive slow wave) genaamd. Deze 
component reflecteert bewuste herkenning. De kinderen waren zich dus bewust van een 
verandering van locatie of een verandering van identiteit, maar niet van wat er veranderde als 
twee objecten van locatie verwisselden. Dit betekent dat kinderen weten dat een object een 
vaste locatie heeft en dat een object een vaste identiteit heeft, maar niet dat die identiteit en 
locatie aan elkaar gekoppeld zijn. Dit kan complicaties met zich meebrengen bij het gebruiken 
van landmarks. Als tijdens het navigeren bijvoorbeeld is onthouden dat men bij de supermarkt 
linksaf moet, maar deze supermarkt in het geheugen niet verbonden is aan zijn locatie, dan 
het dat je bij de verkeerde, gelijk ogende supermarkt afslaat en dus de verkeerde route neemt. 
Toekomstig onderzoek zou uit moeten wijzen op welke leeftijd kinderen wel een verwisseling 
van twee objecten kunnen detecteren, en vanaf welke leeftijd kinderen net zo snel zijn in het 
ontdekken van veranderingen als volwassenen.
In het tweede deel van dit proefschrift is onderzocht hoe het gebruik van landmarks 
voor navigatiedoeleinden zich ontwikkelt. In hoofdstuk 4 werd het gebruik van landmarks 
voor het navigeren in een simpel doolhof onderzocht bij kinderen van 2,5 en 3,5 jaar oud. 
Daarnaast werd gekeken naar andere vormen van navigatie, zoals navigeren op basis van een 
eerder gelopen route. Na het verstoppen van een speeltje in een simpel doolhof (zie Figuur 
4.1), moest het kind het speeltje zoeken a) met behulp van een landmark in het midden van 
het doolhof, b) op basis van een beacon (een landmark die direct de locatie van het speeltje 
weergeeft), of c) op basis van de eerder gelopen route. De resultaten lieten zien dat kinderen 
van 2,5 jaar al beacons kunnen gebruiken. Ook beginnen kinderen van deze leeftijd de weg al 
terug te zoeken op basis van de eerder gelopen route, maar deze vaardigheid ontwikkelt zich 
nog tot 3,5 jarige leeftijd. Het gebruik van de landmark ontwikkelt zich pas rond de leeftijd 
van 3,5 jaar. Ook op deze leeftijd kunnen nog niet alle kinderen de landmark gebruiken. Dit 
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onderzoek laat zien dat het gebruik van landmarks voor navigatie, zelfs in een simpel doolhof, 
zich pas gaat ontwikkelen rond de leeftijd van 3,5 jaar, terwijl kinderen op jongere leeftijd al 
gebruik kunnen maken van andere informatie.
In hoofdstuk 5 werd onderzocht hoe het gebruik van landmarks zich verder ontwikkelt 
in de basisschoolleeftijd. Er werd hierbij gekeken naar het allocentrisch navigeren. Dat wil 
zeggen dat men een soort mentale kaart in gedachten heeft van de doellocatie en landmarks, 
zodat vanaf elk willekeurig beginpunt de doellocatie gevonden kan worden. Dit allocentrisch 
navigeren werd vergeleken met egocentrisch navigeren, waarbij een doellocatie gevonden kan 
worden op basis van het herinneren van een eerder genomen route. Daarnaast werd gekeken 
of de vaardigheden in egocentrisch en allocentrisch navigeren samenhangen met geslacht, 
werkgeheugen, en het kennen van links en rechts. Kinderen van 5 tot 10 jaar moesten in 
een virtuele omgeving op de computer een bal oppakken en daarna op dezelfde locatie 
terugplaatsen. Dit terugplaatsen gebeurde ofwel vanaf dezelfde startlocatie als de bal was 
opgepakt, waarbij egocentrische navigatie gebruikt kon worden, danwel vanaf een andere 
startlocatie waardoor alleen het gebruik van allocentrisch navigeren tot succes leidde. De 
resultaten lieten zien dat kinderen pas succesvol gebruik gaan maken van allocentrisch 
navigeren rond 7 jaar en dat deze vorm van navigeren zich verder ontwikkelt, in ieder geval 
tot de leeftijd van 10 jaar. Jongens zijn hierbij beter in het gebruik van allocentrisch navigeren 
dan meisjes. Egocentrisch navigeren daarentegen ontwikkelt zich voornamelijk voor de 
leeftijd van 8 jaar, waarbij er geen verschil is tussen jongens en meisjes. Het egocentrisch 
navigeren hangt naast leeftijd samen met de ontwikkeling van het kennen van links en rechts 
en het visueel-ruimtelijk werkgeheugen. Allocentrisch navigeren daarentegen, wordt alleen 
voorspeld door leeftijd en geslacht. Allocentrisch navigeren ontwikkelt zich dus pas later 
ten opzichte van egocentrisch navigeren en hangt minder samen met werkgeheugen dan 
egocentrisch navigeren.
Conclusie
De studies die beschreven zijn in dit proefschrift geven inzicht in de ontwikkeling van (de 
voorwaarden van) het gebruik van landmarks. Uit dit onderzoek blijkt dat kinderen van 12 
maanden wel objecten in een omgeving kunnen identificeren en localiseren, maar dit nog 
niet zo snel kunnen als volwassenen. Ook kunnen ze de identiteit en locatie van een object 
waarschijnlijk nog niet (of niet zo snel) aan elkaar koppelen. Zodra kinderen iets ouder zijn, 
gebruiken ze wel objecten om te navigeren. Zo gebruiken 2,5-jarige kinderen beacons om een 
locatie te vinden in een doolhof. Kinderen van 3,5 jaar beginnen daarnaast ook een landmark 
gebruiken om de goede afslag te nemen op een kruising. De meest geavanceerde vorm 
van landmark-gebruik ontwikkelt zich echter pas vanaf ongeveer 7 jaar, wanneer kinderen 
beginnen met het maken van een mentale kaart op basis waarvan ze kunnen navigeren. Deze 
vorm van het gebruik van landmarks ontwikkelt zich in ieder geval tot de leeftijd van 10 
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jaar. Hiermee laat dit proefschrift zien dat de ontwikkeling van navigatievaardigheden, en 
meer specifiek het gebruik van landmarks voor navigeren, een vaardigheid is die bestaat uit 
verschillende aspecten die zich op verschillende leeftijden ontwikkelen.
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And now it is time to thank everyone. Gabi, I’ll start with you, because my time as a PhD 
student also started with you. Thank you very much for giving me the opportunity to work 
on this PhD project. It must have been a risk hiring someone who didn’t know anything 
about EEG or neuroscience in general. During my PhD, you were always available when I had 
questions, you were always willing to think along and you invested a lot of time. Thanks for 
all of that.
Dannie, je leerde me bijna alles wat er te weten valt over EEG en ERPs. Ik waardeer het 
dat je zoveel tijd hebt genomen om mij goed te leren schrijven. Heel erg bedankt dat je mijn 
dagelijks begeleider (soms letterlijk) wilde zijn.
Ludo en Peter, jullie hebben het hele proces vanaf een afstand gevolgd. Ik waardeer het 
dat jullie mij de mogelijkheid hebben gegeven om deze PhD te doen, en gedurende het 
traject interesse hebben getoond in een onderwerp dat niet zo gerelateerd was aan jullie eigen 
onderzoeksgebieden.
Joost, Janneke en Clemens, samen met Gabi en Dannie vormden wij lange tijd de (kern 
van de) Spatial Memory group. Joost, op mijn eerste werkdag leidde jij me rond en wijdde 
me in in zowel de onderzoekskant als het sociale leven op het Donders. Ik geloof niet dat 
ik de eerste maanden snapte wat je precies deed met die MRI scanner, maar ik heb een hele 
hoop bijgeleerd tijdens onze group meetings, en natuurlijk tijdens onze gezellige koffie- en 
lunchbreaks. Daarnaast heb je me super geholpen met programmeren! Clemens, jij werkte 
al voor Gabi toen ik bij het Donders kwam. Heel fijn dat je me zo veel geholpen hebt met 
het opzetten van mijn experimenten en het verzamelen van mijn data. Zonder jou waren 
mijn EEG studies er niet geweest. Tijdens de metingen van de volwassenen hadden we hele 
gesprekken over de wetenschap en het leven, terwijl de proefpersonen een uur lang bezig 
waren met hun taak, altijd gezellig! Janneke, jij kwam als derde PhD student in onze groep. Ik 
leerde je al snel kennen als een harde werker, maar ook jij was altijd in voor een kopje koffie 
en voor een praatje over ons onderzoek en een heleboel andere dingen. Ik ben daarom blij dat 
je mijn paranimf wilt zijn. 
Miriam, ik ben blij dat ook jij mijn paranimf wil zijn. Je hebt het grootste deel van mijn tijd 
op het Donders meegemaakt, en was altijd in voor een kopje thee en een praatje. We hebben 
heel wat uren samen doorgebracht, op jouw kamer, mijn kamer, en in de library. Fijn dat je 
nog steeds altijd tijd hebt voor een kopje thee of een ander drankje!
Graag wil ik Nathalie, Martin, Anke, Anke en Anna bedanken voor hun bijdragen, danwel 
aan de dataverzameling, danwel aan de discussies tijdens de group meetings. Daarnaast wil ik 
de ondersteuning op het Donders erg bedanken. Marek, Erik, Bram, Sander, Tildie, Sandra, 
Nicole en Arthur, mede dankzij jullie goede zorgen is het Donders een fantastische plaats om 
te werken. Maar om het Donders een fantastische plaats te maken, is meer nodig dan alleen 
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ondersteuning. Ook de leuke collega’s hebben hier aan bijgedragen. Miriam, Esther, Marlieke, 
Marieke, Tessa, Lennart, Inge, Marloes, Martine, René, Susanne, Lieneke, Ruud, Frauke en 
vele anderen, bedankt voor alle gesprekken in de library.
Sabine, je hebt me enorm geholpen door me toegang te geven tot het babylab. Samen met 
Hinke en Marlene, hebben we het erg leuk gehad in Minneapolis. Fijn dat ik met jullie mee 
mocht! Daarnaast wil ik Janny en Michiel bedanken voor hun hulp bij het opzetten van mijn 
EEG – eyetracking experiment en het helpen met het testen van mijn eerste baby’s. Angela 
en Margret, jullie ook bedankt, wat zou het babylab zijn zonder jullie! Daarnaast wil ik ook 
Ronny, Mieke, Lanneke en Anne-Els van het BSI bedanken voor de ondersteuning. Ik wil alle 
scholen bedanken voor hun medewerking aan het ‘virtual navigation’ onderzoek. Zonder hen 
was het laatste experimentele hoofdstuk er nooit gekomen.
En dan zijn er nog een heleboel mensen van buiten het werk die gezorgd hebben voor 
de nodige afleiding. Marion, Mirjam en Marit, met ons vieren schreven we onze master 
thesis bij OLO. In mijn herinnering was de verdeling ongeveer zo: Mirjam en Marit waren 
in hun kamer hard aan het werk om de thesis af te krijgen, terwijl Marion en ik zaten te 
kletsen en spelletjes zaten te doen. Maar uiteindelijk haalden we allemaal onze bul. Marion 
en Mirjam, alledrie bleven we hangen op de universiteit, wat vele kopjes thee en uitjes naar 
het Cultuurcafé tot gevolg had. Joke, jou leerde ik ook in die tijd kennen. Leuk dat we elkaar 
allemaal nog zo regelmatig zien!
Annemarie, jou ken ik al vanaf het begin van de studie. Onze wegen scheidden na de 
bachelor, maar onze vriendschap bleef. Hetzelfde geldt voor de ‘Nijverdal-groep’. Na de 
middelbare school gingen we allemaal studeren in verschillende steden, maar we bleven elkaar 
toch af en toe zien, soms met de hele groep, soms met een deel van de groep. Bianca en Ron, 
jullie zien we nog steeds heel regelmatig. Bedankt voor jullie belangstelling en gezelligheid! 
Hiske, jou ken ik al het langst van alle mensen die ik hier tot nu toe genoemd heb. Heel fijn dat 
we elkaar weer regelmatig zien en dat je de voorkant van mijn proefschrift ontworpen hebt. 
Bedankt dat je er altijd bent om mee te praten!
Sjoerd en Jaap, lange tijd woonden we allemaal in Nijmegen. Beiden deden jullie al 
eens mee aan een pilot voor de EEG studies. Jaap, clowntje Bumba heeft de voorkant van 
het proefschrift helaas niet gehaald, maar toch bedankt voor het idee. Leuk dat je nog zo 
regelmatig komt eten en we zo goed op de hoogte zijn van elkaars leven. Sjoerd en Veer, 
jullie deur staat altijd voor iedereen open. Ik heb goede herinneringen aan de vele feestjes en 
spelletjesavonden. Jullie verhuisden naar Deventer, maar vrees niet, we komen snel naar de 
‘goede’ kant van de Ijssel. Bedankt voor al jullie belangstelling! 
Gert en Wilma, ook de schoonfamilie mag niet ontbreken. Bedankt voor alle afleiding in 
de vorm van barbeques en Gert’s verfrissende blik op de wetenschap!
Pap en mam, ik mag dan vroeger niet zo heel slim gekeken hebben, ik ben er toch 
gekomen. En dat komt vooral dankzij jullie! Bedankt dat jullie altijd belangstelling getoond 
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hebben, en me gesteund hebben in mijn keuzes. En fijn dat jullie er nog steeds altijd zijn als 
ik jullie nodig heb!
En dan als laatste: Peter. Ik kan je niet genoeg bedanken. Jij hebt het hele traject van 
dichtbij meegemaakt, inclusief de ellenlange periode dat (ik dacht dat) het einde in zicht was. 
Je was er altijd als ik mijn frustraties wilde delen, om me af te remmen als ik teveel wilde, en 
om mee te ontspannen. Dank je wel voor de afgelopen 12 jaar. Ik hoop dat er voor ons samen 
een fantastische toekomst in het verschiet ligt.
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